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ABSTRACT 
 
Driven by the industrial application needs and the desire to improve sustainability, my 
studies have focused on developing vegetable oil-based wax and binder alternatives to 
replace petroleum-based wax and animal product-based bird seed binder, and to improve the 
availability of natural waxes having desired properties but limited availability.  A variety of 
soybean oil-based wax ester and amide derivatives were synthesized as potential paraffin and 
carnauba wax replacers, and a vegetable oil-based adhesive material was developed as an 
alternative to the gelatin-based bird seed binder.  Some of the compounds showed physical 
properties such as hardness, cohesiveness and melting point, very comparable to paraffin and 
carnauba wax. The soybean oil-based binder was promising in providing seed cakes with 
good strength under different environmental conditions. The structure-function relationships 
of vegetable oil-based waxes were investigated and established. A work focusing on 
developing an environmental friendly solvent extraction system for the recovery of poly-β-
hydroxybutyrate (PHB), a high-value biopolymer, was also included. The novel and solvent 
system was proven to be effective for extracting PHB from bacterial cells.
1 
CHAPTER 1. GENERAL INTRODUCTION  
 
Rationale 
The development of vegetable oil (VO)-based wax alternatives as a petroleum wax and 
natural wax replacer improves the sustainability and availability of waxes for the 
demanding applications such as coating and candle making. A better understanding of the 
structure-function relationships of VO-based waxes enables future structure 
modifications, so manufacturers can tune the physical properties according to application 
needs. By replacing the traditional gelatin and animal fat-based bird seed binder with a 
plant oil-based binder to eliminate the usage of animal products in seed cakes, 
manufacturers can further expand their market to European countries. Syngas 
fermentation for poly-β-hydroxybutyrate (PHB) generation has made the upstream 
accumulation more sustainable [1, 2], whereas an eco-friendly extraction and recovery 
process can improve the sustainability of downstream processing. 
 
Literature Review 
The needs in development of sustainable VO-based materials and PHB extraction 
system 
The annual wax consumption in North America as of 2016 is approximately 3 billion 
pounds (0.14 million metric tons), of which 60% is used for packaging and candle 
making [3, 4]. Waxes are also commonly used as an important ingredient in lubricant, 
adhesives, foods, cosmetics, pharmaceuticals and inks. Based on the sources of waxes, 
they are generally categorized as petroleum-based, synthetic, and natural waxes. 
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Petroleum-based wax constitutes 70% of the market [5]. However, the depleting oil 
reserves, dramatic fluctuation of crude oil price, and sustainability concerns from over 
use of petroleum products have led to the search for alternatives. Many coating wax 
manufacturers are devoting significant efforts to implement eco-design concepts that 
allow the coating to be repulpable or recyclable and to reduce the environmental or 
disposal impact of their products. In food and feed industries, animal products are 
constantly used, and majority of the current bird seed cakes are bound with gelatin and 
animal fats. However, these seed cakes cannot be exported to European countries due to 
import policies on animal-based ingredients. A plant oil-based binding agent is needed as 
an alternative to animal protein and fat-based binders. Vegetable oils (VO) represent a 
promising source for producing renewable and eco-friendly wax and binder alternatives 
due to their abundance and inherent biodegradability.  It is possible to produce such 
alternatives with the development in synthetic approaches through technological 
innovations [6].  
The most commonly practiced method to obtain VO-based waxes is partial or full 
hydrogenation of VO. Hydrogenation decreases the degree of unsaturation of the fatty 
acyl chains, and leads to a more solid material with higher hardness, and melting and 
crystallization point. However, these hydrogenated VO can be soft and greasy if under-
hydrogenated or hard and brittle if fully hydrogenated. Without additional structure 
modifications, they cannot be directly used in the demanding applications such as 
corrugated cardboard coating. VO-based waxes need to possess equivalent physical and 
thermal properties to compete with the highly-optimized petroleum-based waxes. To 
achieve the desirable functionalities, physical blending and chemical modifications (e.g. 
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esterification, epoxidation, and ring-opening) have been used to introduce functional 
groups. Several VO-based waxes which are capable of competing with petroleum-based 
or desirable natural waxes in certain applications have been successfully developed by 
using one or a combination of the modification methods [7, 8]. However, to date, no ideal 
VO-based wax for a universal replacement of petroleum-based paraffin has been 
identified. Further research on structure modification is needed.  
A study of structure-function relationship can be advantageous for controlling the 
physical properties of VO-based waxes and it will provide insights for future 
modifications according to application needs. Despite the efforts devoted in developing a 
new generation of VO-based waxes, literature survey indicated that there was little 
information describing relationships between chemical structures and physical properties 
of VO-based waxes.  
VO-based pressure sensitive adhesives (PSAs) are potential seed binders due to their 
excellent tackiness, and they can be synthesized by polymerizing epoxidized soybean oil 
(ESO) and dihydroxy soybean oil with phosphoric acid [9]. However, the long-lasting 
tackiness of PSAs is undesirable in seed cakes and needs to be eliminated. The hardness 
and melting point of these PSAs also need to be improved to provide strength and 
temperature tolerance to the seed cakes to maintain desirable characteristics under 
different environmental conditions. Current literature has limited information on 
synthesizing and using soybean oil-derived binders for food or feed applications, such as 
bird seed binder, and there is a need to identify suitable synthesis routes and application 
characteristics. 
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PHB has been attracting significant interests as a raw material for making 
bioresorbable medical device and developing sustained drug delivery system [10]. Many 
previous PHB extraction methods involves the use of organic solvents such as 1,2-
dichloroethane [11] and chloroform [12] that are toxic and can cause environmental and 
health problems. Some “green” solvents such as diethyl succinate were also studied [13], 
however, research on developing low-toxicity and environmentally friendly solvent 
extraction method for recovering PHB is still limited. The development of a more 
advanced and relatively greener extraction system to further advance the technologies for 
PHB production is necessary.  
 
Approaches to prepare VO-based waxes 
Physical blending 
Physical blending is a simple way that requires limited structure modification of VO to 
obtain desirable physical properties. Depending on the degree of unsaturation and 
composition of fatty acyl chains, modified VO presents various hardness, cohesiveness, 
and melting and crystallization behaviors. By mixing the fully hydrogenated and partially 
hydrogenated VO and adjusting the mixing ratio, physical properties of the mixtures can 
be tuned and desirable properties for a given applications can be obtained. Mixing 40 
wt% partially hydrogenated palm oil (45% C16:0, 6% C18:0, 45% C18:1 and 4% C18:2) 
with KLX (a fractionated blend of hydrogenated soybean and cotton seed oil) 
significantly increased the area of melted zone of the KLX candles [14].  
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The effect of adding free fatty acid to hydrogenated vegetable oils 
Free fatty acids (FFA) can be used to tune or enhance mechanical and thermal properties 
of the VO-based waxes. It was reported that addition of free fatty acid (C14, C16, C18) to 
partially hydrogenated vegetable oils (PHVO) significantly increased hardness and 
solidification properties of PHVO [14, 15]. The addition of 60% FFA to KLX increased 
its hardness and solidification point from 22,000 to 35,000 g and 30 to 46 °C, 
respectively (Figure 1) [14]. 
 
The effect of nanoparticles on wax physical properties 
Advances in developing nanocomposite materials have significantly impacted properties 
of materials used as mechanical and structural additives. The mechanical stability, 
hardness, viscosity, thermal stability and mechanical strength of VO-based wax can be 
significantly improved by dispersing different type and quantity of nanoparticles in the 
wax [16]. Incorporation of 10 w/w% of 10 nm diameter silica nanoparticles increased the 
storage modulus (G’) and the loss modulus (G”) of soy wax in the liquid-regime by more 
than one order of magnitude; however, it did not change the melting profile of the wax 
(Figure 2) [16].  
 
Other ingredients used in physical blending 
Many other ingredients including VO liquid, epoxides of VO, beeswax, polyamide resin, 
methyl esters were also claimed to be capable of delivering desirable physical properties 
when mixed with VO-based waxes [17, 18, 19, 20]. Drawbacks such as black smoke and 
the strange smell of conventional candle wax can be eliminated by mixing a VO-based 
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butter oil (Table 1) with a solid vegetable fat [21]. It was also reported that stearic acid 
can be used as the base material for candles, while vegetable oil, fragrance, and oxidation 
inhibitor can be added as ingredients [22]. Examples of such mixtures for candle are 
given in Table 2. 
 
Advantages and disadvantages of physical blending 
The advantage of physical blending is its minimum requirements on production 
equipment. However, simple physical blending does not always give good results and it 
could cause problems such as incompatibility and textural inconsistency. The range of 
properties that can be obtained by physical blending is also limited by the inherent 
properties of the base materials and ingredients. Furthermore, some properties such as 
hardness and cohesiveness tend to be counter-active, so physical blending may enhance 
one but degrade the other. The addition of FFA in KLX wax increased its hardness but 
the wax became powderier and less consistent in texture which led to the undesirable 
appearance of the candles. While the addition of soft paraffin or hydrogenated palm oil 
increased the cohesiveness of KLX wax, however, its hardness and compressibility were 
reduced [14]. Adding acetylated monoacylglycerols increased the cohesiveness of 
monoacylglycerols (70%) and diacylglycerols (30%) mixture, however, it significantly 
decreased its hardness [7]. For applications such as cardboard coating which requires 
multiple properties (high hardness for strength, high cohesiveness for crack resistance, 
and high melting to tolerate elevated temperature), pure physical blending may not 
deliver the required properties. In these cases, chemical modification becomes an 
essential alternative. 
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Chemical modification of TAG structure 
Generally, the purpose of chemical modification is to increase the diversity of chemical 
structure and composition of a VO-based wax, so that new physical properties are 
obtained in the new material which can be used directly for a given application or as a 
new ingredient to blend with other waxes. The high reactivity of TAG due to the presence 
of double bonds in the fatty acyl chains offers numerous possibilities for structure 
modifications. Reactions such as esterification, epoxidation, and ring-opening are 
commonly employed to change the fatty acyl chain length and incorporate functional 
groups to the fatty acid. With one or a combination of these reactions, various wax-like 
materials with different physical properties can be generated.  
 
Transesterification reaction 
Transesterification is the transfer of the acyl groups among different alcohol groups 
(Figure 3a). This process is relatively easy and is performed usually with the assistance of 
a strong acid or base catalyst at elevated temperatures. A wide choice of raw materials 
can be used in transesterification and products with various physical and thermal 
properties can be obtained by changing the fatty acid composition and chain length. By 
transesterifying fully hydrogenated soybean oil (FHSO) with stearyl alcohol and triacetin 
at a molar ratio of 9:7:15 (0.018 wt% sodium methoxide powder as catalyst), a wax 
comprises 31% diacetyl-monoacylglycerols, 12% monoacetyl-monoacylglycerols, 32% 
diacylglycerols, 11% acylglycerols and 14% wax esters can be obtained and used as 
beeswax or paraffin substitute because of its high hardness and good cohesiveness [8]. 
Transesterification of kernel oil TAG (apricot kernel oil, sweet almond oil, corn oil, etc.) 
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with polyethylene glycol having a molecular weight of 200 to 800 g/mol at 205 to 225 °C 
with the presence of an esterification catalyst such as lime produced a non-toxic material 
capable of diffusing through tissues as well as assisting the formation of fine “oil in 
water” emulsions, which can be very useful for cosmetic, pharmaceutical and food 
industries [23].  
 
Epoxidation and ring opening reaction 
Epoxidation targets the double bonds in the fatty acyl chains and transforms alkenes into 
epoxide (Figure 3b). Ring opening of the epoxide can functionalize the chain by 
incorporating functional groups (Figure 3c). Epoxidation followed by ring opening of 
PHVO with water incorporated pendent hydroxyl groups to the fatty acyl chains, so that a 
wax with high cohesiveness and wide melting range was obtained; and such wax can be 
used as a cohesiveness enhancer to blend with FHSO/PHVO or other base materials to 
generate waxes suitable for candle making [24]. Polyhydroxy fatty acids that have 
various numbers of hydroxyl groups can be generated by epoxidation and ring opening of 
unsaturated fatty acids. By ring opening of epoxidized soybean oil with polyhydroxy 
fatty acids to form polyols, and then polymerizing the polyols with isophorone 
diisocyanate (IPDI) using dibutyltin dilaurate (DBTDL) as catalyst, polyurethanes with 
mechanical properties ranging from rigid and brittle to soft and ductile were generated for 
surface coatings (Figure 4) [25]. 
There are also other modifications of TAG that utilize the double bonds to form wax-
like polymers. Silyation of soybean oils followed by hydrolysis and condensation of 
alkoxysilanes to siloxane crosslinks (Figure 5) forms a waxy material with excellent 
9 
 
 
water repellency, which makes it perfectly suited for moisture resistance coating of 
packaging paper [26]. However, with extensive crosslinking and polymerization, the 
biodegradability of the wax material may become much less than that of TAG. This 
property should be evaluated to prove the environmental friendliness of the new coating. 
 
Transesterification using FFA or free fatty alcohol (FFAL) 
Pure fatty acid esters can be synthesized when pure FFA and FFAL are derived from VO 
and used as starting materials. Many of these wax esters possess physical characteristics 
that are comparable to petroleum-based or natural waxes, which make them suitable for a 
variety of high-value applications, such as cosmetics, lubricants, and foods [27]. With a 
variety of pure fatty acid and fatty alcohol esters, the composition and physical properties 
of beeswax and carnauba wax may be mimicked by mixing the pure wax esters. 
Monoesters with a carbon chain length of 36 to 44 were produced by esterification of 
C18:1 and C22:1 fatty acids with C18:1 and C22:1 alcohols at room temperature. These 
wax esters demonstrated very little polymorphic hysteresis during melting and cooling 
cycling, indicating that they may transform the same way as jojoba wax, and can be used 
as a jojoba replacer in applications such as greases, cosmetics and pharmaceuticals [28]. 
Similar jojoba wax-like esters can also be obtained by esterification of 9-decenol with 
oleic acid or 9-decenoic acid with oleyl alcohol [29]. These esters have double bonds 
which can serve as starting materials of further reactions.  
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Adding branched chain to FFA wax esters 
With the double bonds in the esters, epoxidation and ring opening esterification can be 
done to incorporate functional groups which provide the esters with new physical 
properties [30]. By introducing propionic acid, 9-decenoic acid or 9-decenol to the 
epoxides of jojoba wax-like esters using ring-opening esterification, branched derivatives 
of the esters were obtained that had better low-temperature behavior which are suitable 
for a variety of applications ranging from waxes to lubricant formulations [31, 32].  
 
Synthesis of very long chain wax esters with or without branches 
When diacids or diols are used for esterification, the carbon chain length of wax esters 
can be further increased, and diesters or polyesters can be formed. Branched chains or 
functional groups can also be introduced in these diesters or polyesters by epoxidation 
and ring opening esterification. Esterification of 9-decenol with C18:1 diacid followed by 
epoxidation and ring opening esterification produces (E)-didec-9-enyl octadec-9-
enedioate and a variety of its branched derivatives, which are suitable for applications 
such as lubricants, cosmetics and pharmaceuticals because of their high thermal stability 
and superior low-temperature performance [33]. Esters with functional groups on the 
linear end of the structure can be obtained by esterificaiton of acid anhydrides such as 
maleic anhydride with long chain alcohol such as docosanol in toluene at elevated 
temperatures (>110 °C). Such long chain esters which have bi-dipolarity with the dipolar 
groups spaced by a long carbon chain was claimed as carnauba wax substitutes in inks 
[34]. 
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Other chemical modification 
Wax-like compounds other than esters, e.g. amide and diamide, also can be synthesized 
by chemical reactions using VO-based materials as feedstocks, and these compounds 
often possess very high hardness and melting point. Esterified alkylolamide of 
hydroxysteric acid can be obtained by reacting hydrogenated castor oil with mono-
ethanolamine at a temperature ranging from 150 °C to 175 °C (Figure 6), and its melting 
point, hardness and gloss were reported to be very similar to those of long chain ester 
waxes such as carnauba wax [35].  
 
Advances and drawbacks of chemical modification 
Overall, chemical modification using VO or its derivatives as feedstocks brings in 
numerous possibilities for synthesizing biobased waxes with desirable properties. 
However, some of the reactions are energy intensive and time consuming, and maybe 
difficult to control. To achieve 98% conversion of KLX to epoxidized KLX, the reaction 
was carried on for 7 hours with continuous heating and mixing at elevated temperature, 
even with the assistance of a catalyst [24]. Transesterification of TAG with alcohol 
usually generates a mixture of compounds which makes it difficult to subsequently 
identify the correlation between physical property and molecular structure. The 
composition of the final product may be also less predictable when the reaction is 
generating a mixture, and additional optimization of the reaction is often required to 
achieve desirable end product. During the one-pot acetylation and stearylyzation of soy 
wax, the reaction yield increased with the addition of stearyl alcohol and decreased with 
the addition of triacetin, leading to significantly different compositions as well as 
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hardness and cohesiveness of the end products [8]. In this case, additional studies are 
essential to understand the kinetics and equilibrium of such three-component reaction.  
Some reactions are not commercially feasible since they require expensive long 
chain fatty alcohols such as erucyl alcohol as base material [28, 29]. A catalyst which 
often is a strong acid, base or a metal is also required in transesterification, epoxidation, 
ring-opening, or reduction reactions; however, these catalysts could cause molecular 
cleavage and waste disposal problems [36, 37]. Removing the catalyst and purifying the 
synthesized materials after reactions could also be problematic and it can increase the 
production cost considerably [28]. Furthermore, chemical modification does not 
guarantee optimal physical properties. Acetylation of FHSO or epoxidation and ring 
opening of PHVO resulted in increased cohesiveness, however, it significantly decreased 
the hardness of the materials [8, 24]. Wax-like materials synthesized often have to be 
physically blended with other ingredients to deliver required properties for a given 
application.  
 
Physical properties of recently developed VO-based waxes and their commercial 
applications 
Physical parameters such as hardness, cohesiveness, melting point or range, viscosity, 
and optical transparency are commonly used to characterize waxes. It is these parameters 
that decide if a wax is suitable for a targeted application.  
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Methods to quantify physical parameters 
Hardness of waxes is usually measured by a penetration test either using a penetrometer 
or a texture analyzer. ASTM D1321 defines wax hardness as the distance that a standard 
needle can penetrate into the wax surface in 5 seconds with the assistance of a 100 g 
standard load cell. Higher penetration distance indicates lower hardness of the wax. 
Others have used the peak force as wax hardness when a probe penetrates into wax for a 
fixed distance [7, 8]. Cohesiveness of wax is usually quantified by using a compression 
or three-point bending test, and the area under the force curve before the wax breaks is 
recorded as wax cohesiveness [7, 8, 38]. Melting point or range of a wax is commonly 
determined using a differential scanning calorimetry (DSC). Viscosity of waxes is 
measured by using a viscometer at elevated temperature according to ASTM D1986.  
 
Physical properties and potential commercial applications  
Among the VO-based waxes developed in the past, majority of the waxes formed by 
physical blending are for candles (Soy Mason, Archipelago Botanicals and Sugar 
Blossom, etc.) due to the narrow range of physical strength, and melting and 
crystallization temperatures. The waxes formed by chemical modifications typically have 
a boarder range of hardness, cohesiveness and melting temperature, and they can 
potentially be used in a variety of applications such as corrugated coating and cosmetics. 
Although many different types of VO-based waxes have been developed, very few 
studies have reported a complete set of physical parameters in comparison with 
petroleum-based waxes, such as paraffin or valuable natural waxes, such as beeswax and 
carnauba wax. There is a lack of information on physical parameters of VO-based waxes, 
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and unfortunately, there is no universal standard on which and how physical parameters 
must be reported. Based on the available information, we provide a comprehensive table 
summarizing compositions, physical properties including hardness, cohesiveness and 
melting point as well as potential applications of some current VO-based wax-like 
materials (Table 3). This could be informative and beneficial for a wide range of readers. 
Due to the limited information in the literature, some values are based on our best 
estimation. 
 
Correlations between chemical structures and physical properties 
Along with the development of VO-based waxes, some information about the 
relationship between chemical structures and their properties have also been reported. A 
better understanding of these structure-function relationships is important and would be 
useful for future modifications according to application needs. However, very little 
research comprehensively and systematically studied structure-function relationships. We 
extracted, summarized and discussed these structure-function relationships reported in 
limited literatures. 
 
Impact of chain length on hardness, cohesiveness and melting point 
Chain length is one of the key factors that primarily determine the physical properties of 
VO-based waxes. By synthesizing pure fatty acid esters with different chain length and 
analyzing their physical properties, the influence of chain length on hardness and melting 
was revealed. Analyses of six pure fatty acid esters of 1,3-propanediol (PADE) with 
carbon number range from 12 to 18 indicated that hardness and melting point increased 
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with chain length of fatty acyl chains (Figure 7) [48]. The DSC of four jojoba wax-like 
monoesters with carbon number range from 36 to 44 also suggested a positive correlation 
between crystallization and melting temperatures and carbon chain length [28]. Chemical 
stability of aliphatic diesters increases with the number of methylene unit (i.e. carbon 
number) between ester groups until C6, while thermal stability continuously increased 
with greater carbon number [49]. Besides in esters, same trend also can be observed in 
linear hydrocarbons. The melting point of straight-chain alkanes increased from about 45 
to 80 °C when carbon number increased from 21 to 40 [50].  
The same observation also has been reported in mixed systems. It was reported that 
both hardness and melting point of a wax decreased as more triacetin was used to esterify 
with FHSO and stearyl alcohol (Figure 8). This indicates that shorter fatty acyl chains as 
well as a diverse type of chains may lead to lower hardness and melting point [8]. The 
cohesiveness of waxes on the other hand, increased with the addition of triacetin. 
However, it should be noted that such cohesiveness increase is more likely due to the 
increased diversity of molecules and the introduction of hydroxyl groups which 
discouraged ordered structural packing and increased intermolecular interactions. No 
literature has reported the use of pure ester system to study the relationship between 
carbon chain length and cohesiveness, and there is a need for more information to study 
the correlation conclusively.  
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Impact of pendent hydroxyl group and branched chain on hardness, cohesiveness and 
melting point 
Pendent hydroxyl group and branched chain which significantly affect physical and 
thermal properties of waxes can be introduced into the fatty acyl chains of VO-based 
waxes by epoxidation and ring opening esterification. Incorporating KLX with pendent 
hydroxyl groups (OHKLX) and branched chains (butyric ester of OHKLX = BuoKLX) 
discouraged ordered molecular packing and resulted in finer and more random 
crystallization which decreased both hardness and melting point of the wax [24]. 
However, those pendent hydroxyl group and branched chain enhanced cohesiveness by 
improving intermolecular interactions. Blending of OHKLX or BuoKLX with FHSO or 
KLX increased their cohesiveness (Figure 9) [24].  
Similar trends were also observed in pure ester systems suggesting the same negative 
correlation between pendent hydroxyl groups and branched chains and melting point. 
When pendent hydroxyl group and branched chain were introduced in fatty acid esters, 
their melting and crystallization points significantly decreased with the number of such 
groups (Figure 10a) [23, 27, 28]. The branched monoesters tend to form glassy liquids 
rather than crystal phases indicating that branches interfered ordered molecular packing 
and suppressed crystallization [51]. The incorporation of pendent hydroxyl groups in pure 
diesters increased their viscosity (Figure 10b) and resistance to shear stress (Figure 10c), 
which means a possible increase in cohesiveness due to the improved intermolecular 
interactions via hydrogen bonding [33]. 
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Effect of bond type 
Type of bond or linkage may also affect physical properties of VO-based waxes. Amide 
bond leads to higher melting point and an acid group on the linear end of a fatty acyl 
chain leads to higher hardness due to their engagement in hydrogen bonding which 
possibly encourages ordered and rigid molecular packing and increases apparent chain 
length [34, 35]. These structure-function relationships presented in literatures lead to a 
great potential in exploring future modification methods to develop complex VO-based 
materials. More theoretical research on such structure-function relationships is needed to 
establish a more comprehensive and complete system or database. 
  
Future perspectives and needs 
With the current modification methods, many different types of VO-based waxes have 
been developed and their uses in coating, candles, inks and encaustic painting are decades 
old. The waxes considered safe for food use are also used to coat fruit and vegetable or 
corrugated that come in contact with food. However, the understanding of relationship 
between composition, microstructure, and properties of a wax, and of the interactions 
among various ingredients in a mixed system is still limited. The relationship between 
composition, chemical structure and the desirable aesthetical properties such as shininess, 
transparency, and smoothness of wax surface are still unknown. More emphasis should 
be placed on foundation of comprehensive structure-function relationships by comparing 
physical properties of pure lipid compounds with different functional groups. By mixing 
pure compounds in different proportions, the effect of a specific component and mixing 
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ratio on mechanical strength, thermal properties, as well as the appearance of waxes can 
be studied.  
Sustainability is another important aspect of devoting the efforts and resources in 
developing VO-based waxes. However, recyclability and biodegradability of waxes or 
repulpability of the wax-coated corrugated boards are largely unreported in the 
literatures. Although the recyclability or repulpability on corrugated fiberboard is a 
voluntary standard at this point, it is necessary that these tests should be conducted as a 
key performance indicator for VO-based waxes. In addition to physical properties such as 
hardness and cohesiveness required for coating and candle making, research may also 
enable the introduction of novel properties such as antimicrobial, antioxidant, or 
anticorrosion. These novel properties can add values to the current VO-based waxes and 
extend the applications to food, packaging, cosmetics and pharmaceuticals. 
 
The complete literature review for solvent extraction of PHB is included in the 
Chapter 5 of this dissertation 
 
Dissertation Organization 
This dissertation contains a general introduction including a rationale for research and a 
literature review, followed by four research papers and a general conclusions section. The 
formats of the four research papers are corresponding to the requirements of Journal of 
Agricultural and Food Chemistry, Bioresource Technology, Industrial Crops and 
Products, and Biotechnology Progress. 
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Figures and Tables 
 
 
 
Figure 1. The effect of additional free fatty acid to KLX on its hardness and solidification 
point (adapted from Rezaei et al., 2002 [14]). 
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Figure 2. The effect of silica nanoparticles on mechanical viscoelastic and thermal 
properties of soy wax (adapted from DePablo and Biddy, 2009 [16]). 
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1a.  
 
1b.  
 
1c.  
 
Figure 3. Schematic representation (not exact molecular structure) of vegetable oil 
chemical modifications (a) transesterification of vegetable oil with alcohol or diol, (b) 
epoxidation of vegetable oil, (c) ring opening or hydroxylation of epoxidized vegetable 
oil. R = alkyl group. 
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Figure 4. Preparation of polyurethanes from epoxidized soybean oil (adapted from 
reference Chen et al., 2015 [25]). 
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Figure 5. Silylation, hydrolysis and condensation of soybean oil (adapted from Tambe et 
al., 2015 [26]). 
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Figure 6. Amidification and esterification to synthesize esterified alkyolamide of 
hydroxystearic acid. 
 
 
 
Figure 7. Variation of (a) hardness and (b) peak and onset melting temperature with 
carbon chain length of pure fatty acid esters (adapted from Abes and Narine, 2007 [48]). 
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Figure 8. Effect of the addition of triacetin on (a) hardness and (b) melting profile 
(adapted from Yao et al., 2013 [8]). 
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Figure 9. Effect of adding OHKLX or BuoKLX on (a) Hardness and (b) Cohesiveness 
(lower slope value means higher cohesiveness) of wax mixtures (adapted from Wang and 
Wang, 2007 [24]).  
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a.  
 
b.  
 
c.  
 
Figure 10. a. Crystallization; b-c. viscosity characteristics of esters with different 
numbers of pendent hydroxyl groups and branched chains. No OH groups in H6, and 1, 
2, 3 OH groups in H3, H4, H5, respectively (adapted from Bouzidi et al., 2012; Li et al., 
2014 [31, 33]). 
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Table 1. Composition of vegetable oil based butter oil used in candle wax (adapted from 
reference Lin, 1992 [21]). 
The components of the oil 
mixture (100% pure vegetable 
oils): 
Coconut oil 
Palm oil 
Palm Olein 
Hydrogenated palm oil 
Characteristics: 
As Palmitic: 
Melting point: 
Emulsifier: 
Flavor: 
0.1% at most 
35-37 °C 
Addition 
Butter 
Additives: 
Citric acid BHA 
BHT β-Carotene 
 
Table 2.  Examples of non-paraffin candle wax using stearic acid as base material 
(adapted from Calzada et al., 2000 [22]) 
Example 
1 2 3 4 5 6 7 
Parts 
Stearic acid 90 80 90 37 37 37 37 
Hydrogenated 
castor oil 
5 10 None 10 10 10 10 
Candelilla wax - 5 5 3 3 3 3 
Cotton seed oil - - - 45 - - - 
Sunflower oil - - - - 45 - - 
Palm oil - - - - - 45 - 
Soybean oil - - - - - - 45 
Fragrance 4.8 4.8 4.8 4.8 4.8 4.8 4.8 
Oxidation 
inhibitor 
0.2 0.2 0.2 0.2 0.2 0.2 0.2 
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Table 3. Compositions, physical properties and potential applications of current VO-based waxes. 
Name of 
wax 
Components (wt%) Physical properties Applications References 
Commercial 
paraffin 
Mainly linear 
hydrocarbons 
(C20-40) 
High hardness:  
~ 6,000 g 
Medium cohesiveness: 
~ 8,000 g.mm 
Medium melting point: 
~ 65 °C 
Candles, coatings, 
packaging 
Yao et al., 2013 [8] 
Ferris et al., 1929 [39] 
Kiadó, 1982 [40] 
Beeswax 
14% hydrocarbons 
35 % monoesters 
14% diesters 
3% triesters 
4% hydroxyl 
monoesters 
8% hydroxyl 
polyesters 
12 % free fatty acid 
1% free fatty alcohol 
and others 
Medium hardness:  
~ 3,500 g 
Very high cohesiveness: 
~ 40,000 g.mm 
Medium melting point: 
~ 65 °C 
Candles, encaustic 
painting 
 
Yao et al., 2013 [8] 
Stransky and Streibl, 1971 [41] 
Tulloch et al., 1972, 1980 [42] 
Basson and Reynhardt, 1988 [43] 
Carnauba 
wax 
2% hydrocarbon 
84% aliphatic and 
aromatic esters 
3% free fatty acids 
3% free fatty alcohol 
3% lactides 
4% resins 
Very high hardness: 
~ 60,000 g 
Low cohesiveness: 
~ 2,000 g.mm 
High melting point: 
~ 84 °C 
Paper, surfboard coating, 
car waxes, foods 
Basson and Reynhardt, 1988 [44] 
Endlein and Peleikis, 2011 [45] 
  
 
P
ag
e3
3
 
3
3
 
Table 3 Continued 
AS soywax 
75% acetylated 
glycerol esters 
14% wax esters 
11% acylglycerols 
  
 Medium hardness: 
~ 4,000 g 
High cohesiveness: 
~ 18,000 g.mm 
Low melting point: 
~ 50 °C 
 
Candles Yao et al., 2013 [8] 
AM-MD 
wax 
35% 
monoacylglycerol 
15% diacylglcerol 
50% acetylated 
monoacylglycerol 
Medium hardness: 
~ 3,500 g 
 Very high cohesiveness: 
~ 40,000 g.mm 
Low melting point: 
~ 55 °C 
Beeswax and paraffin 
substitute, encaustic 
painting medium 
Yao et al., 2012 [7] 
OH-KLX 
Hydroxylated partially 
hydrogenated 
vegetable oil 
Low hardness: 
~ 2,000 g 
High cohesiveness: 
~ 10,000 g.mm 
Low melting point: 
~ 47 °C 
Cohesiveness enhancer 
for candles 
Wang and Wang, 2007 [24] 
FFA-TAG 
30-40% free fatty 
acids 
50-70% commercial 
KLX or other VO-
based waxes 
Medium hardness: 
~ 4,000 g 
Low cohesiveness: 
~ 2,000 g.mm 
Low melting point: 
~ 50 °C 
Candles 
Rezaei and Wang, 2002 [14] 
Murphy, 2004 [15] 
Calzada and Upadhyaya, 2000 [22] 
Murphy et al., 2013 [46] 
 
Nano-
soywax 
90% Soywax 
10% 10nm SiOx 
Hardness: N/A 
Cohesiveness: N/A 
Low melting point: 
~ 50 °C 
Candles Depablo and Biddy, 2007 [16] 
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Table 3 Continued 
RBD/PAG-
wax 
0%-95% palm Stearin 
0%-5% glyceryl 
monostearate 
0%-100% partial acyl 
glycerols 
Hardness: N/A 
Cohesiveness: N/A 
Low melting point: 
~ 55 °C 
Paraffin substitute 
Lee, 2008 [20] 
Phadoemchit et al, 1989 [47] 
Epoxy-VO-
wax 
5%-95% epoxidized 
VO 
5%-95% fully 
hydrogenated VO 
Hardness: N/A 
Cohesiveness: N/A 
Medium melting point 
~ 60 °C 
Candles Clock et al., 2014 [19] 
Silylated-
TAG 
Silylated then 
polymerized soybean 
oil 
N/A 
Moisture resistant 
packaging paper coating 
Tambe et al., 2015 [26] 
JLE-wax 
100% straight and 
branched chain 
monoesters 
Hardness: N/A 
Cohesiveness: N/A 
Low melting point: 
~ 35 °C 
Jojoba wax substitutes 
Boudidi et al. 2012; 2013 [28, 29] 
Li et al., 2014 [32, 33] 
Amide-wax 
Mainly esterified 
alkylolamide of 
hydroxystearic acid 
Very high hardness: 
~ 15,000 g 
Cohesiveness: N/A 
High melting point: 
~ 92 °C 
Carnauba wax substitute Kelly, 1944 [35] 
AE-wax 
Long chain esters 
formed by acid 
anhydride and alcohol 
Hardness: N/A 
Cohesiveness: N/A 
High melting point: 
80 – 82 °C 
Carnauba wax substitute 
in ink 
Callinan et al., 1964 [34] 
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Abstract 
This is a study of modifying the structure of acyl lipid to deliver materials with desirable 
properties of petroleum paraffin. Structure-function relationships were investigated and 
established. An increase in chain length from 18 to 34 carbons significantly increased the 
hardness of fatty acyl esters from 0.6 mm-1 to 1.0 mm-1. Incorporation of a hydroxyl group on the 
end of a linear monoester chain further increased hardness to 2.7 mm-1. Addition of 0.5 wt% of 
pendent hydroxyl group greatly increased the cohesiveness of ethylene glycol mono and diesters 
(EGMD) from 145 to 1,325 g·mm. Incorporating ether groups into diesters significantly 
increased cohesiveness and the polyethylene glycol diesters (PEG200D) had the highest 
cohesiveness of about 3,000 g·mm. Cardboard samples coated with PEG200D and EGMD with 
pendent hydroxyl group had similar strength as the ones coated with paraffin. The use of 
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hydrophobic particles significantly reduced water absorption and improved the wet strength of 
the cardboards. Overall, soybean oil-based coating materials with comparable physical properties 
as paraffin were successfully developed.  
 
Keywords: Soybean oil-based wax, paraffin substitute, structure-function relationship. 
 
Introduction 
Paraffin is one of the most widely used waxes for making candles and as a water-proofing agent 
in the packaging and food industries. The uses of paraffin are dictated by a combination of its 
desirable properties including melting profile, hardness, cohesiveness, clarity, and heat stability. 
According to a study by The Freedonia Group, U.S., demand for waxes is to grow at a rate of 
1.8% annually through 2019. However, paraffin as a petroleum-based product is not sustainable, 
and fibers treated with it are not recyclable or biodegradable. The demand for “green” material 
continues to increase due to the environmental issue of 3 billion lbs of paraffin-coated corrugated 
paper products going to landfills every year. Many are seeking alternatives, and vegetable oil has 
been studied as a desirable raw material for the production of waxes having comparable 
properties to paraffin’s.  
Paraffin is a mixture of saturated hydrocarbons containing 80–90% linear chains with an 
average of 20-30 carbons.1 The properties of refined paraffin depend on the proportion of linear 
and branched chains. High content of branched chain leads to an undesirable oily surface and can 
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negatively affect physical properties such as hardness, friction resistance, melting point, 
consistency, and clarity.1  
The physical properties of vegetable oil triacylglycerols (TAGs) are dependent on the length 
of fatty acyl chains, the amount and type of unsaturation in the chains, and the distribution of 
fatty acyl groups among sn-positions of the TAGs and crystal structures of TAGs.2 Vegetable 
oil-based waxes are typically obtained by modifying the composition or structure of fatty acids, 
such as partial or full hydrogenation, and interesterification to achieve desired physical 
properties. Other chemical modifications are also used to attach functional groups on the acyl 
chain to obtain certain properties. Several studies have reported that incorporating hydroxyl 
groups, branched chains, and short-chain fatty acids could significantly improve the 
cohesiveness of vegetable oil-based waxes.3, 4 However, very few studies systematically studied 
structure-function relationships. Despite the efforts made in these modifications, vegetable oil-
based waxes still are not widely used on commercial scale because of the limitations in 
delivering desired physical properties. Fully hydrogenated soybean oil (FHSO) alone is not 
suitable coating because of its brittle texture. Although introducing branched groups into the 
fatty acyl chain by epoxidation, ring opening, and esterification improved cohesiveness, such 
materials had significantly lower hardness and melting point compared to commercial paraffin.5 
Increasing structure heterogeneity and the amount of hydroxyl group or other functional groups 
using partial acylglycerols may also improve cohesiveness by interfering with orderly packing, 
and improving intermolecular interaction. A study showed that incorporating acetyl and hydroxyl 
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groups in FHSO improved its cohesiveness; however, hardness suffered in the acetylated FHSO.6 
Also, the use of stearyl alcohol for deriving long and linear esters did improve hardness, but it 
lowered cohesiveness.6 Nonetheless, an optimization of the amount of hydroxyl group is 
essential for optimal hardness and cohesiveness. To date, no ideal green or biorenewable 
material for replacing petroleum-based paraffin has been identified and there is a need to design 
and evaluate practical lipid modification methods to obtain a range of materials with appropriate 
cohesiveness and hardness suitable for a variety of applications.  
The overall goal of this study was to develop feasible modification methods using soybean 
oil as feedstock to deliver properties of petroleum paraffin. Saturated free fatty acids (SFFA) 
derived from FHSO were used to study structure-function relationships. We hypothesized that 
(1) a significant increase of chain length will lead to higher hardness, while a polyether group in 
the linear structure may provide the material elasticity, and thus cohesiveness; (2) a hydroxyl 
group on the end of a linear chain can further improve hardness by promoting molecular 
alignment or apparent chain lengthening via hydrogen bonding, while a pendent hydroxyl group 
can improve cohesiveness by improving intermolecular interaction; (3) an aromatic ring structure 
may also serve as weak hydrogen bond acceptors and may improve cohesiveness by improving 
intermolecular interactions with hydrogen bond donors; (4) hydrophobic particles may interact 
with the wax esters or physically block the surface pore, improving water resistance of the 
material. The following specific objectives were proposed to test these hypotheses: 
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1. To determine the impact of ether group and chain length in diesters on hardness and 
cohesiveness; 
2. To determine the influence of adding different functional groups (hydroxyl group at 
terminal position, pendent hydroxyl group, and ring structure) on hardness and 
cohesiveness; 
3. To determine the relationships between structure and other physical properties such as 
water repellency, melting point, and coefficient of surface friction; and 
4. To determine the effect of hydrophobic particles on water resistance of wax esters. 
 
Materials and Methods 
FHSO was provided by Stratas Foods (Memphis, TN). Paraffin was provided by Michelman, 
Inc. (Cincinnati, Ohio). A hydrophobic silica nanoparticle product (6864HN, 10–25 nm) was 
purchased from SkySpring Nanomaterials, Inc. (Houston, TX, USA), and a hydrophobic silica 
microparticle (Dumacil 300FGK, 15 m) product was provided by Elementis Specialties (East 
Windsor, NJ, USA). Epoxidized oleic acid (EOA) and hydroxylated free fatty acid (HFFA) were 
produced using the methods described in the following section. Polyethylene glycols (PEG) and 
other chemicals were purchased from Fisher Scientific (Pittsburgh, PA) and Sigma Aldrich (St. 
Louis, MO).  
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Preparation of EOA, HFFA, and SFFA 
EOA was prepared for a ring opening reaction following a method reported by Park et al.7 with 
minor modifications. Oleic acid (about 56 g, 0.2 mol), glacial acetic acid (24 g, 0.4 mol), and the 
catalyst Amberlyst-15 (5 g) were mixed in a round-bottom, three-neck flask connected to a 
reflux condenser. The mixture was stirred by a mechanical stirrer and heated to 55 ºC, and then 
30% aqueous H2O2 (60 ml, 0.6 mol) was added dropwise and the reaction was allowed to take 
place at 55 ºC for 7 hours. After the reaction, the catalyst was removed by filtration and the 
product was washed with hot deionized (DI) water until the pH was approximately 7.0.  
HFFA was produced by ring-opening EOA with water using the method reported by Chen et 
al.8 with minor modification. About 30 g of EOA was mixed with DI water (molar ratio of epoxy 
group to water of 1:10) in a round-bottom flask with the presence of 0.1 wt% tetrafluoroboric 
acid as catalyst. The reaction was carried out at 95 ºC for 8 hours, and then the mixture was 
cooled to room temperature. The crude product was extracted using ethyl acetate and washed 
with saturated sodium chloride solution three times. Organic solvent was then removed at 80 ºC 
using a rotary evaporator.  
SFFA was produced from FHSO by a modified saponification then acidification process.9 
FHSO was mixed with aqueous sodium hydroxide solution (4.0 M) at a molar ratio of 1:3 (oil: 
sodium hydroxide). The mixture was heated at 100 °C for 1 hour under reflux with vigorous 
mixing to form a soap solution. Hydrochloric acid was added at a molar ratio of 1:1.5 (soap:HCl) 
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to acidify the solution. The mixture was heated at 100 °C for 1 hour and then cooled to room 
temperature. Saturated FFA was collected upon solidification and then vacuum oven dried. 
 
Syntheses of fatty acyl monoesters and diesters with alcohols of different chain length and 
functional groups  
To produce monoesters of fatty acid with different alcohols, SFFA was mixed with 1,4-
butanediol, 1,16-hexadecanediol, and stearyl alcohol at a molar ratio of 1:1 in a round-bottom 
flask with 5 wt% of Amberlyst-15 as catalyst. The mixture was heated at 95ºC in an oil bath for 
12 hours. Hot filtration was used to remove the catalyst after the reaction and the collected liquid 
was cooled and saved in tin cans for NMR and textural analysis. The monoesters, which had a 
reactive hydroxyl group at the end of the linear chain, provide a functional group to conduct 
further esterification. To attach a benzene ring to the structure, 1,16-diol monoester (1,16 DM) 
was mixed with benzoic acid at a molar ratio of 1:1 and the mixture was heated at 95 °C for 12 
hours with 5 wt% Amberlyst-15. Hot filtration was used to remove the catalyst and the collected 
material was saved for further analyses. To produce 1,16 diol diester (1,16 DD), ethylene glycol 
diester (EGD), and PEG diester (PEGD), SFFA was esterified with 1,16 diol ethylene glycol and 
PEG (200 or 400 molecular weight) at a molar ratio of 2:1. To produce 1,16 diol diester and 
ethylene glycol diester with a pendent hydroxyl group (1,16 DD-OH and EGD-OH), HFFA was 
used to react with 1,16 diol and ethylene glycol at a molar ratio of 2:1. Reaction conditions used 
were the same as those for synthesizing monoesters. A mixture of ethylene glycol monoester and 
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diester (EGMD) was also synthesized using a SFFA to ethylene glycol mixing ratio of 1:0.75. 
For evaluating the effect of a pendent hydroxyl group, 1,16 DD-OH or EGD-OH was mixed with 
1,16 DD or EGMD to form a mixture with either 0.5, 1.0, or 2.0 wt% of pendent -OH. The 
mixtures were then used to prepare samples for measuring hardness and cohesiveness.  
A simplified and more feasible process for generating EGMD and EGD-OH mixture was 
also tested. The mixture was synthesized in a one-pot reaction instead of mixing individual 
components. A SFFA (95 wt%) and HFFA (5 wt%) mixture was reacted with ethylene glycol at 
a molar ratio of 1:0.75. The materials used in subsequent coating performance tests were all 
generated using such one-pot reaction. 
 
Determination of structure and purity of esters 
1H NMR spectra of the products from all reactions were collected at room temperature using a 
Bruker AVIII-600 (Rheinstetten, Germany) and the proportion of mono and diester formed was 
determined. Data were processed using the MestReNova software (Mastrelab Research, 
Escondido, CA, USA). All samples were prepared in chloroform-d (CDCl3) and characterized; 
stearyl alcohol monoester (SAM): δ = 2.3 ppm (2H, O
O
CH2-), δ = 4.3 ppm (2H, -CH2 O
O
); 
1,4 diol monoester (1,4 DM): δ = 2.3 ppm (2H, O
O
CH2-), δ = 3.3 (2H, HO-CH2-), δ = 4.3 ppm 
(2H, -CH2 O
O
); 1,16 diol monoester (1,16 DM): same as 1,4 DM; 1,16 diol diester (1,16 DD): 
δ = 2.3 (4H, O
O
CH2-), δ = 4.3 (4H, -CH2 O
O
)；1,16 diol diester with ring structure (1,16 
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DD-R): δ = 2.3 (2H, O
O
CH2-), δ = 4.2 (2H, -CH2 O
O
), δ = 7.5-8.0 (5H, H on benzene ring); 
ethylene glycol diester (EGD): δ = 2.3 (4H, O
O
CH2-), δ = 4.5 (4H, -O-CH2-CH2-O-); 
polyethylene glycol diester (PEG200D): δ = 2.3 (4H, O
O
CH2-), δ = 3.6 (12H, -O-CH2-CH2-O-
); EGD, and 1,16 DD with pendent hydroxyl groups: δ = 2.3 (4H, O
O
CH2-), δ = 3.6 (4H, 
CH CH
OH OH ). 
 
Textural, thermal, and surface analyses of the products  
The changes in physical properties of the waxes such as hardness and cohesiveness are the main 
parameters monitored in this study. Paraffin was used as a reference for comparison. Hardness 
was measured using a Universal Penetrometer following the standard method ASTM D1321. 
The distance that the standard needle penetrated into the wax sample (22 mm diameter, 15 mm 
height) was considered the hardness after an inverse conversion (the higher the value, the harder 
the material). Cohesiveness of the waxes was measured using a TA-XTplus texture analyzer 
(Stable Micro Systems, Godalming, UK) according to the method reported by Yao et al.6 with 
modifications. A three-point bend test with TA-92N probe was used to measure the 
cohesiveness. A wax disk with a thickness of 4 mm was placed on two vertical support bars 12 
mm apart. A third bar attached to the crosshead of the instrument was driven perpendicularly into 
the sample for 3 mm at a speed of 0.5 mm/s. The area under the curve of force-distance, which 
represents the energy required to bend or break the disc, was recorded as the cohesiveness.  
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The waxes having hardness and cohesiveness comparable to that of paraffin were selected 
for further physical property analyses. Coefficient of friction was measured using a TA-265A 
sled fixture following ASTM standard method D1894. A standard weight (about 145 g) was 
placed on a surface uniformly coated with the wax and the weight was pulled for 95 mm. The 
maximum peak force, which was the force required to initiate motion, was recorded and the 
static coefficient of friction s was calculated as follows: 
s=As/B 
Where: As = maximum force reading, g; and B = sled weight, g.  
The force used during uniform sliding was also recorded and the kinetic coefficient of 
friction f was calculated as follows: 
f = Af/B 
Where: Af = mean force reading obtained during uniform sliding, g; and B = sled weight, g.  
A surface hydrophobicity test and thermal analysis were performed on the selected waxes. 
To evaluate water repellency of the samples, surface water contact angle wax was measured 
using a contact angle goniometer (Rame-Hart, Model 250; Succasunna, NJ). Wax samples with 
thickness of about 2 mm were prepared using a weighing dish. A water droplet was applied on 
the surface (bottom-side) of the sample and then the water contact angle was measured at 3 
minutes. Melting profiles of the waxes were determined using a differential scanning calorimeter 
(DSC-7; Perkin-Elmer, Norwalk, CT) equipped with an Intracooling II system. About 8 mg of 
solid wax was weighed in a steel pan (Perkin-Elmer) and the pan was sealed. The reference was 
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a blank steel pan. The temperature program started with 1 min hold at 20ºC, followed by 
20ºC/min heating to 120ºC, and 3 min hold at 120ºC. The peak point was taken as melting point. 
Observation of wax crystallization using Polarized Light Microscopy  
To determine how the chemical structure of wax qualitatively affects crystal structures and 
subsequently physical properties, the microstructure of selected waxes was observed using 
Polarized Light Microscopy (PLM). Samples were prepared following the method reported by 
Wang and Wang5 with minor modifications. A small amount of wax was loaded on the glass 
microscopy slides and heated in an oven at 5 °C above the melting temperature of waxes for 30 
minutes. A preheated cover slide was then slipped over the molten wax to produce a thin film. 
The prepared slides were cooled at room temperature for one hour and then analyzed with a DIC 
microscope (Olympus BX53, Olympus Corporation, MA, USA) using CellSens Dimension 
software (Olympus Corporation, MA, USA). Two slides were prepared from each batch of 
sample, and two crystal images were taken at 100× magnification for each slide. 
 
Coating performance tests of the selected waxes  
Synthesized waxes which had similar hardness, cohesiveness, and melting point as paraffin were 
selected for simulated coating performance tests. To prepare coated cardboard samples, non-
coated corrugated cardboard was cut into approximately 50 mm × 50 mm pieces and they were 
submerged in molten wax for 10 seconds. These coated cardboard pieces were left to solidify for 
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3 hours at room temperature and excessive wax was allowed to drain from the cardboard along 
the flute vertically. The wax absorption rate was calculated using the following equation: 
Wax absorption, % = 100 x (Weight w/ wax – Weight w/o wax)/Weight w/ wax  
The strength of the coated cardboards was evaluated using a bending test. The sample was 
placed on two vertical support bars that were 14 mm apart and a blade attached to the crosshead 
of the instrument was driven perpendicular into the sample at a speed of 1 mm/s, with 10 mm of 
travel distance. The peak bending force was used as the cardboard strength.  
An ice-water soaking test was also conducted on coated cardboard to evaluate water 
resistance. Samples were soaked in ice water for 24 hours and water in the wet cardboard was 
allowed to drain for 5 minutes. The same bending test was used to evaluate the effect of soaking 
on cardboard strength. Another wet resistance test was also used, i.e., strength of the coated 
cardboard before and after surface wetting. Water (4 drops) was applied to the surface of the 
coated cardboard and allowed to penetrate for 2 hours. The wet surface that had a larger area 
than the probe was tested. A 3 mm cylindrical stainless steel probe was used to penetrate the 
surface for 2 mm at a speed of 0.5 mm/s, and the peak force was recorded as the strength of the 
wet surface.  
The effect of hydrophobic particles on the coating performance and water resistance of 
cardboard was also tested. Hydrophobic nanoparticles (6864HN) and microparticles (Dumacil 
300FGK) of 1, 5, and 10 wt% were mixed with selected waxes using a homogenizer. The effect 
of substituting a portion of paraffin with oil based wax was evaluated. PEG200D or 
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EGMD+0.5wt%OH and paraffin were weighed into a beaker at ratios of 3:7 and 1:1 w/w for 
30% and 50% substitution evaluation. The mixture was heated at 80oC for 5 minutes with 
continuous mixing using a magnetic stir until a homogeneous liquid was obtained. Cardboard 
samples coated with the wax blends were prepared and used for the ice-water soaking test and 
surface wetting and penetration test. The strength of the cardboard before and after soaking or 
wetting was measured using the same settings. 
Washability of the selected waxes from the coated cardboard samples was determined using 
a method modified from a standard repulpability test procedure (CPA, 2010). Coated cardboard 
samples were cut into about 50 mm × 50 mm pieces and the initial weights of these samples were 
recorded. Each sample was placed in 1,000 mL of boiling water in a one-gallon Waring blender 
(New Brunswick Scientific Supply Co., Inc., Edison, NJ) and then blended on low speed for 1 
minute. The fibers and particles were still large after blending and unable to pass through a sieve 
with 0.01 inch opening. All fibers along with wax residues were rinsed out of the blender onto 
the sieve and then the mass on the screen was washed with hot tap water (52 ± 5°C) for 3 
minutes. The material that remained on top of the sieve was collected and dried in an oven at 
105°C for 12 hours. The dry weight of the fiber and particles was obtained and percentage of 
wax washed off was calculated using the following equation: 
% of wax washable =  
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Statistical analysis 
Three batches of waxes were synthesized for each treatment and each batch provided one sample 
for measurements. The treatment effects were examined at the 5% significance level using 
Statistical Analysis System (SAS) 9.1 (SAS Institute, Cary, NC). The means and standard 
deviations were determined and presented.  
 
Results and Discussion 
Structure confirmation of the synthesized waxes 
1H NMR was used to monitor various reactions (1–8) and to determine the structure and purity of 
the esters produced. It was confirmed that all 8 reactions were producing the expected 
monoesters and diesters, and all reactions had a conversion rate above 90%. The reaction details 
are shown Figure 1. 
 
Effect of chain length and functional groups on hardness and cohesiveness of monoesters  
The hardness and cohesiveness of different monoesters were measured and compared to those of 
the starting material as well as the reference paraffin wax. Figure 2 shows that using 1,16-
hexadecanediol and stearyl alcohol to produce monoester (1,16 DM and SAM) of SFFA 
significantly increased the hardness of the SFFA, which indicates that an increase in chain length 
significantly increases hardness. A similar positive relationship between hardness and carbon 
chain length has also been reported by other authors.10 Figure 2 also shows 1,16 DM with a 
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terminal hydroxyl group had significantly higher hardness than SAM, which indicates the 
hydroxyl group on the end of a linear chain further increases hardness. This is likely achieved by 
intermolecular alignment or chain lengthening via hydrogen bonding of two hydroxyl groups. 
When linear molecules crystallize, the hydrogen bonding between the hydroxyl groups on the 
linear end increased the apparent chain length and encouraged more orderly and rigid packing. 
This observation agrees with the findings in carnauba wax, in which the long chain hydroxy acid 
esters are credited for its high hardness.11 However, a short chain diol, such as 1,4-butanediol, 
resulted in a monoester (1,4 DM) with hardness similar to that of SFFA, even though a hydroxyl 
group was also present on the end of the linear chain. This indicates the improvement in hardness 
primarily requires a high number of carbons in the chain. Commercial paraffin, SFFA, SAM, 1,4 
DM, FHSO, and 1,16 DM have apparent chain lengths of 20–30, 36, 36, 44, 36–54, and 68 C, 
respectively. Corresponding to the chain length, paraffin, SFFA (H-bonding between two 
carboxyl groups), SAM, and 1,4 DM had similar hardness, while FHSO (2L or 3L crystalline 
arrangement) and 1,16 DM had higher hardness. Overall, our observations for hardness agree 
with the positive relationship between hardness and carbon chain length reported by others.10  
Cohesiveness of the monoesters was also affected by their structures. The longer chain diol 
monoesters tended to be more cohesive, which was partially due to their higher hardness that 
contributed to the resistance to bending compared to the short chain diol monoesters. Overall, 
none of the monoesters synthesized had a cohesiveness comparable to that of paraffin.  
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Effect of a pendent hydroxyl group and ether group on hardness and cohesiveness of diesters  
Diesters with and without a pendent hydroxyl group were produced using HFFA and SFFA, 
respectively. The initial design was to compare the hardness and cohesiveness of each pure 
diester to evaluate the effect of a pendent hydroxyl group on hardness and cohesiveness. 
However, diesters with four pendent hydroxyl groups were either in a semi-solid form at ambient 
temperature or too soft to form a sample for valid measurement of hardness and cohesiveness. 
Therefore, these diesters were mixed with the hard mono or diesters of saturated fatty acids to 
form a solid sample to measure the effect of modification on physical properties. Figure 3a 
shows that incorporating 1,16 DD-OH into 1,16 DD led to significantly improved cohesiveness 
of the 1,16 DD. The mixture had an optimal hardness and cohesiveness when 1 wt% of pendent-
OH was introduced, while further increasing the amount of 1,16 DD-OH to 2 wt% in the mixture 
decreased both hardness and cohesiveness. The increase in cohesiveness was because the 
pendent hydroxyl group discouraged orderly packing and increased intermolecular interactions. 
The decrease in hardness was caused by this disorderly packing. Similar relationships between 
pendent hydroxyl groups and hardness and cohesiveness were also reported by other authors.5, 12 
It was also observed that as the amount of 1,16 DD-OH increased, the mixture had phase 
separation due to the structure difference and incompatibility of the two components.  
Since 1,16 diol is a relatively costly compound, the more affordable ethylene glycol was 
used as an alternative for long chain diol for the same chemistry. Figure 3b shows that EGMD 
had similar hardness and slightly higher cohesiveness compared to EGD; however, sensory 
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evaluation indicated that EGMD was significantly less powdery and had much better surface 
appearance. When adding EGD-OH to EGMD, the same trend as adding 1,16 DD-OH to 1,16 
DD was observed. Figure 3b shows that 0.5 wt% of pendent-OH in the mixture resulted in a 
desirable hardness and cohesiveness of the mixture. Similarly, these values also decreased as 
more pendent-OH was introduced due to mixing difficulty. Previous studies also showed that 
incorporating a pendent hydroxyl group and branched chains may improve intermolecular 
interactions, which significantly improved cohesiveness of vegetable oil-based waxes.3–6, 13 
Comparing the long chain diol derivatives, the EGMD matrix had a much lower hardness; 
however, the EGMD+0.5wt%OH product had properties very similar to those of paraffin.  
Since EGMD+0.5wt%OH presented desirable properties, a more feasible one-pot reaction 
process was designed for the synthesis. The mixture was successfully obtained and the one-pot 
reaction also solved the layer separation problem presented in physical mixing. However, the 
material produced was slightly harder and significantly less cohesive than the material produced 
by mixing the components. The average cohesiveness of the resulting material was about 1,000 
g.mm compared to about 1,300 g.mm of the material produced by mixing. This was likely 
because the one-pot reaction resulted in randomization of the monoester and diester components 
with -OH group, which gave a different set of properties.  
Diesters with ether groups were also synthesized by reacting SFFA with PEG200 and 
PEG400 at a molar ratio of 2:1. Figure 4 shows that PEG200D (total chain length equivalent to 
49 C) had a significantly higher cohesiveness than EGD and other materials, indicating the ether 
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group’s tremendous impact on cohesiveness. However, the ether group also negatively affected 
hardness of the diester when such a linkage was in excess. Lower hardness also led to a lower 
measured cohesiveness since the material became less resistant to bending, although PEG400D 
did not crack after bending. The significant improvement in cohesiveness of PEG200D was due 
to the polyether structure that provided elasticity to the material. Ether and ester bonds were 
reported to attract each other via London forces and dipole-dipole interactions as well as by 
chain entanglements, providing the material with elastic properties.14  
 
Effect of introducing a ring structure 
The 1,16 DD-R compound was used to evaluate the effect of ring structure on hardness and 
cohesiveness of the diester. Figure 5 shows that the addition of the benzene ring significantly 
reduced hardness, which was caused by the ring structure discouraging orderly packing of the 
molecules. Although a benzene ring may serve as a hydrogen bonding acceptor and improve 
molecular interactions by interacting with a hydrogen bond donor,15–17 cohesiveness was not 
improved in 1,16 DD-R since there was no hydrogen bond donor present. The addition of 1,16 
DM as a hydrogen bond donor to 1,16 DD-R at a ratio of 1:1 resulted in a mixture with 
significantly improved cohesiveness (Figure 5), which indicates that ring structures may improve 
cohesiveness by improving intermolecular interaction via hydrogen bonding. However, the 
strength of the interaction between a benzene ring and a hydrogen bond donor is weak (half as 
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strong as a normal hydrogen bond)15 and the cohesiveness of the mixture was not comparable to 
paraffin. 
Overall, the three products created (PEG200D, EGMD+0.5wt%OH, and 1,16 
DD+1wt%OH) could be potential substitutes for paraffin since they had comparable hardness 
and cohesiveness. Further analyses of physical properties such as water repellency, melting 
profile, and surface friction were performed on these three products.  
 
Water repellency, thermal properties, and coating performance 
Since paraffin is mostly used for waterproofing coating, water repellency, melting profile, and 
coefficient of surface friction are important parameters to measure. Table 1 shows a complete 
comparison of physical properties for the three paraffin substitutes with a commercial paraffin 
product as a benchmark. All potential substitutes had similar melting peaks, but their water 
repellency was significantly different. Paraffin had the highest water contact angle, while 
PEG200D had the lowest. The low contact angle was probably caused by the polyether group, 
which is a hydrogen bonding acceptor that can easily interact with water.18 EGMD+0.5wt%OH 
had a slightly higher water contact angle than 1,16DD+1 wt%OH. Thus, EGMD+0.5wt%OH 
was the optimal material since it had desirable properties and it contained the less expensive diol, 
ethylene glycol. Therefore, EGMD+0.5wt%OH was selected for coating performance evaluation 
and surface coefficient of friction analysis. Coating performance testing was also conducted for 
PEG200D as a comparison. 
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Table 2 shows that PEG200D had a significantly higher wax absorption and it had the 
highest cardboard strength compared to paraffin and EGMD+0.5 wt%OH. There was no 
significant difference in the absorption rate for paraffin and EGMD+0.5wt%OH, resulting in 
cardboards that had similar strength. Overall, the two potential substitutes were very comparable 
to paraffin.  
The water resistance of wax-coated cardboard was determined by soaking in ice water for 24 
hours and the strength of the cardboard was measured. Table 2 shows that neither PEG200D nor 
EGMD+0.5wt%OH had comparable water resistance to paraffin. The ether groups in PEG200D 
and hydroxyl groups in EGMD+0.5wt%OH led to a high degree of water penetration. However, 
both PEG200D and EGMD+0.5wt%OH had a significantly higher ability to be dispersed and 
washed away by water compared to paraffin. About 90% of PEG200D and 85% of 
EGMD+0.5wt%OH coated on the cardboard samples could be removed by blending in hot 
water. Furthermore, water resistance of PEG200D and EGMD+0.5wt%OH could be improved 
with the addition of hydrophobic nanoparticles, as shown in Table 2. The addition of 5 wt% of 
hydrophobic nanoparticles to PEG200D and EGMD+0.5wt%OH resulted in strength comparable 
to paraffin coated cardboard after soaking. Furthermore, the use of hydrophobic particles did not 
significantly reduce the quantity of washable wax. It is suspected that hydrophobic nanoparticles 
may have blocked the surface pores that water can access, or interacted with wax components 
leading to a significantly lowered water binding. Others also used hydrophobic nanoparticles in 
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super hydrophobic coatings.19 Nanoparticles have been used in lubricants and waxes20; however, 
very few have systematically reported their effect on the physical properties of waxes.  
A more affordable hydrophobic microparticle product was used to mix with the waxes to 
improve water resistance. The effect of partial substitution of paraffin with PEG200D and 
EGMD+0.5wt%OH on water resistance was also evaluated. Table 3 shows that 30 wt% and 50 
wt% substitution of paraffin with PEG200D and EGMD+0.5wt%OH resulted in a lower or 
similar bending strength reduction after soaking as compared to paraffin, which indicated that the 
two materials have great potentials to substitute up to 50% of paraffin without losing the 
desirable functionalities. With PEG200D and EGMD+0.5wt%OH being relatively more 
hydrophilic, the mixtures also had significantly higher washability than paraffin. However, for 
surface penetration strength test after wetting, the partial substitution of paraffin resulted in 
significantly higher strength reduction. The addition of hydrophobic microparticles to PEG200D 
did not improve its water resistance, whereas significant improvement was achieved when 
hydrophobic microparticles were added to EGMD+0.5wt%OH. With the addition of 5 wt% 
microparticles to EGMD+0.5wt%OH, the bending strength after soaking and surface penetration 
strength after wetting of the coated cardboard samples showed no significant difference from 
those coated with paraffin. Furthermore, the washability of EGMS+0.5wt%OH with 
microparticles added was significantly higher than that of paraffin.  
The surface coefficient of friction for wax-coated surfaces was also measured. Figure 6 
shows that PEG200D had the highest static and kinetic coefficients of friction; however, its 
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kinetic coefficient of friction had no significant difference from paraffin. EMGD+0.5wt%OH 
had very similar static and kinetic coefficients of friction as paraffin’s. 
 
Morphology of wax crystalline  
Figure 7 shows the crystal morphology of selected waxes at 23°C after 1 hour of stabilization at 
room temperature. Paraffin, beeswax, 1,16 DD-R, 1,16 DD-OH, and EGD-OH all showed 
needle-like crystals; however, their sizes and networks were different. Unlike paraffin wax, 
which had dendritic crystals forming junction points, beeswax, 1,16 DD-R, 1,16 DD-OH, and 
EGD-OH all had much finer crystals. Other authors have reported similar paraffin and beeswax 
crystal morphologies21, 22; however, very few reported the morphology of different long chain 
fatty acid esters. It is believed that the needle crystals allowed more contacts among the 
microstructural elements23 and possibly contributed to the good cohesiveness of these waxes. 
This explains the increased cohesiveness when 1,16 DD-R, 1,16 DD-OH and EGD-OH were 
added to 1,16 DM, 1,16DD, and EGMD, respectively. The EGMD+0.5wt%OH compared to 
EGMD, had similar crystal shape, except finer and tighter packing; and very much like paraffin, 
the crystalline structure of EGMD+0.5wt%OH was highly interconnected, which is possibly 
related to its improved cohesiveness. Crystals of 1,16 DM and PEG200D were less needle-like 
but highly interconnected, and 1,16 DM had larger crystals than PEG200D. It is possible for 1,16 
DM molecules with a hydroxyl group at the terminal position to interact and form larger crystals 
via hydrogen bonding. While PEG200D molecules probably interacted with each other in a very 
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different way, leading to hardness and cohesiveness very different from that of 1,16 DM. FHSO, 
1,4 DM, and 1,16 DD crystallized into more ordered and larger crystals. The ordered crystalline 
state may have contributed to a high hardness; however, it negatively affected cohesiveness. 
Although PLM did not provide a quantitative comparison of waxes, it did show that wax 
physical properties may be explained by their crystal morphology.  
In summary, this study shows that an increase in chain length significantly increased 
hardness of fatty acid esters and the introduction of a hydroxyl group on the linear end of esters 
further increased hardness. A pendent hydroxyl group greatly increased cohesiveness, but it 
significantly decreased hardness of diesters. Cohesiveness of diesters can be significantly 
increased by introducing ether groups; however, an excessive amount of ether group negatively 
affected hardness. Three potential paraffin substitutes were successfully developed, and among 
these three materials, EGMD+0.5wt%OH has the most potential. The addition of hydrophobic 
particles at 5% significantly improved the water resistance of the material. Substitution of 
paraffin at up to 50% did not cause significant loss of functionalities of paraffin. Therefore, the 
vegetable oil-based wax has shown a great potential to replace paraffin in coating applications.  
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Abbreviations Used 
EGD: ethylene glycol diester 
EGD-OH: ethylene glycol diester with pendent hydroxyl groups 
EGMD: ethylene glycol monoester/diester 
EGMD+wt%OH: a mixture of ethylene glycol monoester and diester with wt% pendent hydroxyl 
group 
EOA: epoxidized oleic acid 
FHSO: fully hydrogenated soybean oil 
HFFA: hydroxylated free fatty acid 
1,4DM: 1,4-diol monoester 
1,16DM: 1,16-diol monoester 
1,16DD: 1,16-diol diester 
1,16DD-OH: 1,16-diol diester with pendent hydroxyl groups 
1,16DD+wt%OH: a mixture of 1,16-diol diester with wt% pendent hydroxyl group 
PEG200 or 400D: polyethylene glycol (molecular weight of 200 or 400) diester 
PEG: polyethylene glycol 
PEGD: polyethylene glycol diester 
SAM: stearyl alcohol monoester 
SFFA: saturated free fatty acids 
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Figures and Tables 
 
1. Stearyl alcohol monoester (SAM), 95% conversion  
 
2. 1,4-diol monoester (1,4 DM), 93% conversion 
 
3. 1,16-diol monoester (1,16 DM), 95% conversion 
 
4. 1,16-diol diester (1,16 DD), 95% conversion 
 
5. 1,16-diol diester with benzene ring (1,16 DD-R), 95% conversion 
 
6. Ethylene glycol diester (EGD), 95% conversion 
 
7. Polyethylene glycol diester (PEGD), 93% conversion 
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8. Ethylene glycol or 1,16-diol diesters with pendent hydroxyl group (EGD-OH, or 1,16 
DD-OH), 90% conversion 
 
Figure 1. Reactions for synthesizing monoesters and diesters with different chain lengths and 
functional groups. 
 
 
 
 
Figure 2. The effect of chain length and hydroxyl group at linear end on hardness and 
cohesiveness of monoesters. Means with the same letters are not significantly different at p=0.05. 
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Figure 3. The effect of incorporating 1,16 diol diester with a pendent-OH into 1,16 diol diester 
on hardness and cohesiveness (top); and the effect of incorporating ethylene glycol diester with a 
pendent-OH into ethylene glycol mono/diester on hardness and cohesiveness (bottom). Means 
with the same letters are not significantly different at p=0.05. 
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Figure 4. The effect of introducing ether groups into diesters on hardness and cohesiveness. 
Means with the same letters are not significantly different at p=0.05. 
 
 
Figure 5. The effect of introducing a ring structure on hardness and cohesiveness of esters. 
Means with the same letters are not significantly different at p=0.05. 
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Figure 6. The coefficient of friction for selected waxes. Means with the same letters are not 
significantly different at p=0.05. 
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Paraffin                     Beeswax       FHSO 
   
1,4 DM           1,16 DM        SAM 
   
1,16 DD        1,16 DD-R    1,16 DD-OH  
   
EGMD           EGD-OH            EGMD+0.5wt%OH 
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PEG200D 
 
Figure 7. The crystal morphology of selected waxes at 100× magnification at 23°C. White bar in 
lower right corner indicates 20 µm. 
 
 
Table 1. Physical properties of the vegetable oil-based substitutes for paraffin wax. 
 
PEG200
D 
1,16DD+1wt%
OH 
EGMD+0.5wt%
OH 
Paraffin wax 
Hardness (mm-1) 
0.68±0.0
1 
2.65±0.37 0.69±0.01 0.55±0.01 
Cohesiveness (g.mm) 
3,077±3
79 
1,369±39 1,325±338 1,484±75 
Melting Peak (℃) 71±2 67±4 65±3 67±2 
Surface Water Contact 
Angle  
65±5° 85±2° 92±4° 103±2° 
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Table 2. Comparison of coating performance of selected waxes and effect of nanoparticles 
 
Wax 
absorption 
(%) 
Wax 
washable 
(%) 
Water 
absorption 
(%) 
Strength 
before soaking 
(g) 
Strength after 
soaking (g) 
Strength 
reduction 
after soaking 
(%) 
Paraffin 49.2±2.7 E 33.9±3.3 D 15.3±3.2 F 12,867±496 C 2,888±362 BCD 77.4±3.7 B 
PEG200D 53.8±0.6 CD 90.0±2.5 A 43.1±1.3 B 15,475±386 BC 1,976±129 CD 87.2±0.7 AB 
EGMD 
0.5wt%OH 
49.1±2.0 E 85.5±0.7 B 51.2±1.4 A 13,233±2,748 C 1,404±14 D 89.1±2.0 A 
PEG200D 
1wt% Nano 
52.2±2.8 DE -  34.3±2.8 C 13,749±1,022 C 2,709±268 BCD 80.1±3.5 AB 
PEG200DD 
5wt% Nano 
57.5±3.2 BC - 29.1±2.5 D 15,842±1,800 BC 3,537±352 BC 77.6±0.6 AB 
PEG200D 
10 wt% Nano 
61.2±1.4 AB 91.1±1.0 A 25.1±1.3 DE 18,771±860 AB 3,854±752 B 79.4±4.1 AB 
EGMD+0.5wt%OH 
1wt% Nano 
48.9±1.7 E - 34.6±3.3 C 13,553±1,230 C 2,144±362 BCD 83.9±4.1 AB 
EGMD+0.5wt%OH 
5wt% Nano 
53.6±0.8 C - 28.2±1.0 DE 13,792±2540 C 3,167±352 BC 76.2±6.5 B 
EGMD+0.5wt%OH 
10wt% Nano 
62.4±2.7 A 77.1±0.4 C 23.4±6.1 E 21,585±4,033 A 7,457±2973 A 63.3±19.0 C 
In each column, means with the same letters are not significantly different at p=0.05. 
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Table 3. Comparison of coating performance for waxes mixed with paraffin and silica microparticles 
 
Wax 
absorption 
(%) 
Wax 
washable 
(%) 
Water 
absorption 
(%) 
Strength before 
soaking (g) 
Penetration 
strength 
before wetting 
(g) 
Strength 
reduction 
after soaking 
(%) 
Penetration 
strength 
reduction after 
wetting (%) 
Paraffin 49.2±0.9 CD 34.0±4.1 E 15.3±3.2 E 12,867±496 BC 3,623±555 BC 77.4±3.7 BC 15.9±0.8 F 
Paraffin 
30wt%PEG200D 
48.1±1.3 DE 91.5±1.3 AB 30.9±0.3 A 11,308±1,718 DE 4,244±395 A 81.0±1.7 B 42.5±7.5 C 
Paraffin 
50wt%PEG200D 
50.6±0.8 BC 93.4±1.0 A 29.1±1.0 A 10,911±992 E 3,701±523 ABC 75.7±1.4 BCD 32.4±6.6 DE 
Paraffin 
30wt%EGMD-0.5wt%OH 
47.2±1.5 E 83±1.7 C 17.1±0.9 DE 12,676±708 BCD 3,897±362 AB 70.4±4.1 D 43.1±2.8 C 
Paraffin 
50wt%EGMD-0.5wt%OH 
51.3±0.7 B 86.7±1.9 BC 14.1±3.3 EF 12,489±431 BCD 3,488±138 BC 75.4±1.9 BCD 45.8±0.4 C 
PEG200D 
1wt%Micro 
51.8±0.8 B - 31.8±1.1 A 11,685±181 CDE 3,308±452 BC 91.6±0.4 A 79.4±3.3 A 
PEG200D 
5wt%Micro 
61.4±0.1 A - 21.3±1.5 BC 13,593±242 B 3,236±389 C 90.8±1.0 A 76.0±1.7 A 
PEG200D 
10wt%Micro 
61.9±0.3 A 86.2±0.8 BC 24.3±2.7 B 13,192±1,606 BC 3,285±28 C 88.8±2.8 A 64.9±3.2 B 
EGMD-0.5wt%OH 
1wt%Micro 
51.6±0.2 B - 19.3±0.2 CD 13,485±310 BC 4,231±383 A 74.8±8.2 BCD 35.1±6.1 D 
EGMD-0.5wt%OH 
5wt%Micro 
50.1±2.1 BC - 18.0±2.3 CDE 15,594±156 A 3,793±343 ABC 72.4±2.3 CD 13.0±2.0 F 
EGMD-0.5wt%OH 
10wt%Micro 
60.9±0.5 A 75.5±0.9 D 11.4±1.3 F 15,974±249 A 3,529±73 BC 74.4±7.2 BCD 25.6±0.7 E 
In each column, means with the same letters are not significantly different at p=0.05.
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Abstract 
This study focused on developing a soybean oil-based material as carnauba wax substitute, 
and structure-function relationships were established. Amide derivatives of saturated fatty 
acid were shown to have a higher hardness and melting point than the ester derivatives 
having the same chain length. Increasing chain length using diacids increased hardness. The 
cinnamic acid ring was confirmed to contribute to the shininess and smoothness of the 
surface. The hardness of a C52 (carbon chain length of 52) diester was increased with the 
addition of long chain fatty alcohols. Overall, a material consisted of 76.3 wt% of C52 
polyamide, 11.3 wt% of C38 diamide, and 12.4 wt% of C29 diamide with a ring structure 
was shown to have comparable hardness and surface properties as carnauba wax. Therefore, 
a biorenewable resource was used successfully as to synthesize a high-melting (150°C) hard 
wax. This material will have applications where high temperature tolerance is needed. 
 
Key words: Cinnamic acid, fully hydrogenated soybean oil, monoamide, diamide, 
polyamide, soybean oil-based carnauba wax substitute. 
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Highlights 
• A method to synthesize a soybean oil-based carnauba wax substitute was developed; 
• Equivalent hardness and surface properties were achieved; 
• Structure-function relationships were demonstrated.  
 
 
Introduction 
The limited resource for carnauba wax that has high hardness, high melting point (82–86°C), 
and desirable surface properties has led to the search for alternatives. Wax derived from 
vegetable oil has been an interest of innovators because of its abundant supply and low price. 
Using hydrogenated castor oil (HCO) and ethanolamine (ETA), a compound containing 
esterified alkylolamide of hydroxystearic acid can be produced and used as a carnauba wax 
substitute as described in a patent (Kelley, 1941). Fatty alkanolamides, diamides, and 
aralkylamides can also be synthesized directly from triacylglycerol and primary amines at 
low temperatures (Feairheller et al., 1994); however, the hardness and surface characteristics 
of the amide and diamide waxes are not as good as those of carnauba wax. Using 
hydrogenated castor oil is also not economical, so lower-priced raw materials need to be 
identified. There are very few studies on developing vegetable oil-based carnauba wax 
substitutes, and even fewer systematically reported structure-function relationships of the 
amide and diamide waxes. The effects of different functional groups on physical properties 
have remained relatively unknown. 
Carnauba wax is mainly produced by mechanically recovering the coating from the 
leaves of one type of palm trees that almost exclusively grow in northeastern Brazil. The 
composition of this wax was reported by Vandenburg and Wilder (1970) as follows: 
hydrocarbon (0.3–1%), aliphatic esters (38–40%), monohydric alcohols (10–12%), ω-
hydroxy aliphatic esters (12–14%), p-methoxycinnamie aliphatic diesters (5–7%), p-
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hydroxycinnamic aliphatic diesters (20–23%), a triterpene type of diol (0.4%), free fatty 
acids, and other unknown constituents (5–7%). Other authors have also reported that 
carnauba wax mainly consists of hydrocarbon (0.1–0.7%), wax esters (60–65%), free fatty 
acids (7–8%), and free fatty alcohol (28–33%) (Doan et al., 2017). The esters have carbon 
numbers between 44 and 66 (Basson and Reynhardt, 1988), the alkanes have carbon numbers 
between 16 and 34 (Vandenburg and Wilder, 1970), and the free fatty acids and free fatty 
alcohols have carbon numbers between 16 and 30, and 28 and 34 (Doan et al., 2017). The 
presence of long chain esters is believed to contribute to the high melting point and hardness 
of carnauba wax. In addition to the esters, the mixtures of substituted long-chain aliphatic 
hydrocarbons, free fatty acids, and primary and secondary alcohols also play an important 
role (Waksmundzka-Hajnos and Sherma, 2011). 
It is believed that different functional groups contribute to the different physical 
properties of carnauba wax. Fatty alcohols and ω-hydroxy fatty acids probably contribute to 
the cohesiveness or internal strength of the wax. Wang and Wang (2007) reported that 
incorporating hydroxyl groups into hydrogenated soybean oil can improve its cohesiveness 
and suggested a positive relationship between the quantity of hydroxyl groups and degree of 
cohesiveness. The aromatic ring structure that cinnamic acid brings to the diesters was 
believed to be responsible for the desirable surface properties of carnauba wax (Vandenburg 
and Wilder, 1967). 
This study aimed to develop soybean oil-based wax materials with physical properties 
similar to that of carnauba wax. Such a wax substitute would significantly increase the 
availability of the high-priced hard wax. A systematic structure-function relationship study 
was conducted using free fatty acids from fully hydrogenated soybean oil. The established 
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relationship can be used for tailored synthesis of vegetable oil-based wax materials. We 
hypothesized that: (1) amide bonds will create a high melting point and high hardness 
compared to ester bonds, and linking two free –NH2 groups of monoamide with a diacid can 
increase carbon chain length and thus further increase the hardness; (2) introducing a proper 
amount of cinnamic ring to the structure can improve surface shininess and reduce the 
surface friction of the material; and (3) blending long chain fatty alcohols (C28–C34), which 
are the major components of carnauba esters, can significantly increase the hardness of long 
chain diesters. To test these hypotheses, different molar ratios of reactants were used and 
mixtures of monoamide and diamide were synthesized and further reacted with diacids and 
cinnamic acid. Long chain fatty alcohols were extracted from carnauba wax and blended with 
the selected long chain fatty acid esters at various percentages. The physical properties of 
these mixtures were compared and an optimal soybean oil-based carnauba wax substitute was 
identified. 
 
Materials and Methods 
Fully hydrogenated soybean oil (FHSO) was provided by Stratas Foods (Memphis, TN). 
Carnauba wax was provided by Michelman, Inc. (Cincinnati, Ohio). Ethylenediamine (ETD), 
cinnamic acid, dodecanedioic acid, and other chemicals were purchased from Sigma-Aldrich 
(St. Louis, MO).  
 
Preparation of saturated free fatty acid (SFFA) from FHSO 
SFFA was produced from FHSO by using a modified saponification reaction and then 
acidification process (Ferdous et al. 2011). FHSO was mixed with aqueous sodium hydroxide 
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solution (4 M) with a molar ratio of oil to sodium hydroxide of 1:3. The mixture was heated 
at 100°C for 1 hour under reflux with vigorous mixing to form a soap solution. Hydrochloric 
acid was then added to acidify the soap solution at the molar ratio of soap to HCl of 1:1.5. 
The mixture was heated at 100°C for 1 hour and then cooled to room temperature. SFFA was 
collected upon solidification and vacuum oven dried. This SFFA contained 11 wt% C16 and 
89 wt% C18 fatty acid. For the simplicity of expression and discussion, carbon chain length 
of 18 is used for this material.  
 
Preparation of monoamide, diamide, polyamide, diester, long chain fatty alcohol, and their 
mixtures 
The SFFA prepared was used to react with ETD to form fatty acid monoamide and diamide. 
Molten SFFA was slowly added to ETD at an equivalent molar ratio (COOH to NH2) of 1:2, 
1:3, and 1:4 in a round-bottom flask connected with a reflux condenser, and the system was 
heated at 90, 110, 130, and 150°C for 3 hours to determine the effect of temperature on 
reaction completeness. After the reaction, the flask was disconnected and heated at 120°C for 
another 30 minutes to evaporate any ETD residue. The mixture of monoamide and diamide 
was characterized using 1H NMR and the proportion of monoamide and diamide was 
determined. 
To attach a ring structure, cinnamic acid was used to react with the monoamide in the 
mixture obtained from the steps above. To evaluate the effect of diacid that can react with the 
free –NH2 group and the effect of chain length on textural properties, adipic acid (C6) and 
dodecanedioic acid (C12) were selected to link two units of monoamide. The reactants were 
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mixed in a round-bottom flask (molar ratio of -NH2 group in monoamide to -COOH of 1:1) 
and then heated at 150°C for 2 hours. The overall reaction design is shown in Scheme 1.  
The starting material for reactions 2 and 3 was the mixture generated in reaction 1; thus, 
all the reactions generated mixtures, which are described below: 
1. Mixture of monoamide with a free amine group and C38 diamide from reaction 1 (Scheme 
1). 
2. Mixture of polyamide (i.e., two monoamides linked by a diacid) and C38 diamide from 
reaction 2 (Scheme 1). 
3. Mixture of diamide with a ring structure (C29 R-diamide) and C38 diamide from reaction 
3 (Scheme 1). 
Mixture 2 with the optimal polyamide content was selected for mixing with mixture 3 to 
form mixture 4. To make this mixture, 5, 10, 15, 20, 30, and 50 wt% of mixture 3 was 
substituted for mixture 2. The two components were molten at 5°C above their melting 
temperatures and thoroughly mixed with continuous stirring for 5 minutes. 
To synthesize long chain diester that has the same chain length as the polyamide, SFFA 
was mixed with 1,16-hexadecanediol at a molar ratio of 2:1 in a round-bottom flask. The 
mixture was then heated for 12 hours at 90°C with 5 wt% of amberlyst-15 as the catalyst. 
After reaction, hot filtration was used to remove the catalyst and the liquid was cooled, 
collected, and saved for textural analyses. This material was used to compare the properties 
displayed by diester vs. polyamide, as well as to be blended with long chain fatty alcohols. 
The unsaponifiable matters containing long chain fatty alcohols was obtained from 
carnauba wax following the procedure reported by Yildiz and Dasgupta (2016) with minor 
modifications. Carnauba wax was saponified by refluxing for 1 hour with continuous stirring 
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in 1.25 M sodium hydroxide ethanol solution. After saponification, heptane was added to the 
cooled solution. The system was refluxed again until a homogeneous clear solution was 
observed. Two layers were formed after cooling and the top heptane layer, which contained 
the fatty alcohols, was collected. This heptane layer was washed 3 times using hot distilled 
water, and then the solvent was removed by rotary evaporator at 95°C. The residue was 
collected and dried in a vacuum oven at 105°C. 
 
Synthesis of carnauba wax substitute using FHSO directly 
To explore the possibility of developing a feasible and more economical synthesis procedure, 
FHSO instead of SFFA was used to repeat the reaction. The optimal reactant ratio and 
reaction conditions as determined in the previous sections were used. A mixture of FHSO 
and ETD was heated at the optimal temperature for 3 hours and the monoamides formed in 
the reaction were reacted with diacid and cinnamic acid. 
 
Characterization and textural analysis 
To evaluate the effect of SFFA to ETD reactant ratio and reaction temperature on the 
composition of monoamide and diamide in mixture 1, 1H NMR spectra of the mixtures were 
obtained using a Bruker AVIII-600 (Rheinstetten, Germany), and the proportion of 
monoamide and diamide was determined by integrating the respective areas. The samples 
were prepared in CDCl3. The ratio of monoamide to total amide was determined and 
expressed as percentage of monoamide in the final product. Monoamide with an active amine 
group had δ = 2.3 (2H, 
O
CH2-); δ = 3.3 (2H, -NH2); δ = 6.3 (1H, -NH
O
); and diamide: δ 
= 2.3 (4H, 
O
CH2-), δ = 6.3 (2H, -NH
O
). 
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Hardness of the materials was measured using a universal penetrometer (BCL-466, 
Certified Material Testing Products, Palm Bay, FL) following ASTM method D1321. 
Penetration was measured by applying a standard needle to the sample (thickness of about 20 
mm) for 5 seconds under a load of 100 g. The inverse of the distance that the standard needle 
penetrated the wax surface was defined as hardness, so a higher value represents higher 
hardness. 
Surface hydrophobicity of the optimal carnauba wax substitute was evaluated by using a 
contact angle meter (Rame-Hart, Model 250; Succasunna, NJ). Wax samples with a thickness 
of about 2 mm were prepared using a disc mold. A water droplet was applied on the bottom 
surface of the sample, and water contact angle was taken at 3 minutes. 
Topography of the waxes was evaluated using a Hyperspectral Microscope (S-neox, 
Sensofar Metrology, Scottsdale, AZ). The wax samples were molten at 5°C above their 
melting temperatures, and then one drop of the molten wax was placed on a microscopy slide 
and allowed to stabilize for 1 hour. Three-dimensional surface images of the waxes were then 
obtained. The image RMS (Rq) which is the root mean square average of height deviations 
taken from the mean data plane was calculated using the Sensofar Metrology software, and 
Rq in micrometer (m) was used to represent surface roughness of the wax samples. The 
surface friction and adhesion of the wax samples were evaluated using an Atomic Force 
Microscopy (AFM Dimension Icon, Brucker, Billerica, MA) following the methods reported 
by Attard et al. (2007) and Duong et al. (2009) with modifications. An AFM probe (SNL-10, 
Bruker, Billerica, MA) with a silicon-tip on a nitride lever and a normal spring constant of 
KN = 0.06 nN/nm was used. A static discharge device was used to reduce the electrostatic 
forces on samples prior to AFM data collection. Vertical force was normalized and kept 
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constant across all samples and a flat region was selected for a 100 nm scan to minimize the 
contribution of topography to friction. The probe was programed to go through trace-retrace 
and extend-retract cycles, and the corresponding force curves were recorded. The curves 
were analyzed using Nanoscope Analysis (Bruker, Billerica, MA). The average difference in 
lateral force (voltage) signals between the trace and retrace curves was used as the indicator 
of surface friction (Duong et al., 2009), and attraction and rupture forces were calculated 
using the following equation to evaluate adhesion. 
Force (nN) = KN (nN/nm) × displacement (nm) 
Surface gloss of the selected waxes was measured using a WG60 Precision Glossmeter. 
Waxes were molten and recrystallized into 30 mm × 10 mm strips, and gloss was measured 
at a 60° angle from normal to the sample surface. 
 
Thermal analysis 
The melting and crystallization properties of the waxes were analyzed using a differential 
scanning calorimeter (DSC-7, Perkin-Elmer, Norwalk, CT,) equipped with an Intracooling II 
system. Solid wax (about 10 mg) was weighed into a steel pan (Perkin-Elmer) and the pan 
was sealed. A blank steel pan was used as a reference. The temperature program started with 
a 10-min hold at 20°C, followed by 20°C/min heating to 200°C and a 5-min hold at 200°C. 
The melting peak was recorded during the heating step and calculated using Pyris software 
(Perkin-Elmer, Norwalk, CT, USA) and used to compare with that of the control. 
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Statistical analysis 
Three batches of waxes were synthesized for each treatment. Each batch of wax was used to 
provide three replicated assays for the textural, thermal, and compositional analysis. 
Treatment effects were examined at the 5% significance level using Statistical Analysis 
System (SAS) 9.1 (SAS Institute, Cary, NC). The means and standard deviations are 
presented. 
 
Results and Discussion 
Effect of reactant ratio and reaction temperature on the composition and hardness of the 
mixtures 
1H NMR was used to characterize the composition of the resulting mixture 1 from reaction 1 
to determine the proportion of monoamide and diamide. The monoamide content varied 
considerably with temperature and reactant ratio. In general, temperature as tested in the 
range of this study did not affect monoamide and diamide composition significantly, and 
each reactant ratio tended to respond to temperature differently. No clear trend was observed 
on how the reactant ratio affected product composition. The optimization and kinetic aspect 
of the reaction should be further investigated. Nonetheless, the reactions conducted under 
different conditions created a set of samples with different product compositions. A clear 
trend of the effect of monoamide content on material hardness was observed. Figure 1 shows 
that higher monoamide content led to lower material hardness. The lower hardness is due to 
the shorter chain length of the monoamide (20 C). Fatty acyl chain length can significantly 
affect chemical, physical, and thermal stability of oil-based materials, and longer chains were 
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expected to have higher stability and hardness as reported by Abes and Narine (2007) and 
Raghunanan and Narine (2013).  
A reactant molar ratio (COOH to NH2) of 1:1 and reaction temperature of 130°C were 
selected to conduct reaction 1. Such conditions produced mixture 1 containing about 78 wt% 
of monoamide with a reactive amine group and 22 wt% of C38 diamide. The use of this 
mixture subsequently led to the formation of mixture 2 consisting of about 90 wt% of C52 
polyamide and 10 wt% of C38 diamide after reaction 2. The use of mixture 1 led to the 
formation of material 3 consisting of 83 wt% of C29 R-diamide and 17 wt% of C38 diamide 
after reaction 3. Mixtures 2 and 3 were kept for subsequent mixing to test the effect of 
cinnamic ring on surface properties and hardness of the diamide wax. 
 
Effect of chain length and functional groups on hardness and surface properties 
Two units of monoamide were linked either by C6 diacid or C12 diacid. Due to the different 
chain length of the diacid, the subsequent polyamide formed also differed by 6 carbons. 
Figure 2 shows the 6C difference in chain length led to a significant difference in material 
hardness. The polyamides formed using C12 diacid had significantly higher hardness than 
ones formed with C6 diacid. It was also observed that a higher content of polyamide in the 
mixture resulted in higher hardness. Others have also reported that an increase in chain 
length can lead to higher wax hardness (Yao et al., 2013; Callinan et al., 1964). 
Cinnamic ring was introduced into the structure to evaluate its effect on surface 
properties. By varying the mixing ratio of mixtures 2 and 3, materials with different cinnamic 
ring contents were obtained and the effect of cinnamic ring was evaluated. The topography of 
these waxes was recorded, their surface roughness was determined, and these properties were 
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compared to those of carnauba wax. Figure 3 shows the topography of waxes changed 
significantly with the amount of C29 R-diamide. The polyamide (90 wt%) and diamide (10 
wt%) mixture had a lower surface roughness (Rq of 0.1383 µm) compared to carnauba wax 
(0.1690 µm). Increasing the content of C29 R-diamide from 0 to 24.7 wt% significantly 
increased surface roughness from 0.1383 to 0.5412 µm. This is very likely due to the 
cinnamic ring structure interfering with molecular packing, leading to uneven crystallization 
that resulted a coarser surface. 
To compare the surface friction of different wax samples, AFM trace-retrace curves were 
obtained (Figure 4 a-e). A higher surface friction leads to a greater lateral voltage difference 
between the trace and retrace curves. Figure 4f shows that all diamide wax samples resulted 
in smaller lateral voltage differences compared to carnauba wax. Since this voltage 
difference value is a measure of the surface coefficient of friction (Duong et al., 2009), 
diamide waxes were shown had significantly lower surface friction than carnauba wax. The 
addition of cinnamic ring tended to decrease surface friction. Increasing sample size and 
measuring a larger area of surface using traditional tribological means may lead to better 
evaluations of the friction properties. 
The AFM extend-retract curves for the wax samples were obtained and an example is 
shown in Figure 5. The attraction force of the wax surface to the probe during extension and 
the rupture force needed to break away from the surface during retraction were determined. 
The summary table in Figure 5 shows that the difference in attraction force of all the wax 
samples was small, however, a larger difference in rupture force was observed. The small 
difference in attraction forces was probably because the electrons on the all wax samples 
were discharged using a static discharge device. Carnauba wax had the lowest attraction 
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(0.24 nN) and rupture forces (1.08 nN), while the mixture of polyamide and diamide had the 
highest (0.36 nN and 1.98 nN). Mixtures with the addition of C29 R-diamide had 
significantly lowered rupture forces of polyamide and diamide, and this phenomenon 
corresponded to the falling trend of surface friction found in the trace-retrace AFM mode. 
Low rupture force which also means low adhesion should be desirable for applications such 
as car waxing since such a property may lead to dust resistance or easier dust removal. 
Surface gloss was also significantly affected by the cinnamic ring in the diamide wax. 
Table 1 shows that the quantity of cinnamic ring structure significantly affected the surface 
gloss of the waxes. The gloss of the diamide waxes increased as the C29 R-diamide content 
increased from 4.3 wt% to 12.4 wt% (corresponding to the 5 wt% and 15 wt% of mixture 3). 
However, the glossmeter was unable to detect further improvement in surface gloss when the 
content was increased to 41.3 wt% (corresponding 50 wt% of mixture 3), even though visual 
observation indicated a shinier surface. The rougher surface with an increased amount of 
cinnamic rings may have interfered with the light reflection, leading to the lower reading by 
the glossmeter. Nonetheless, the carnauba-like properties were achieved using 15 wt% of 
mixture 3; thus, this product was selected as our optimal hard wax. 
A literature survey indicates that very few previous studies have directly related 
cinnamic ring to the shininess of carnauba wax, but some suspected that this structure was 
responsible for the desirable surface properties of carnauba wax (Vandenburg and Wilder, 
1967; Mohamed et al., 2001). The mechanism of the ring structure improving gloss and 
lowering surface friction and rupture force is not well understood at this time. A 
comprehensive theoretical study on such structure-function relationship is necessary. 
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Although introducing the cinnamic ring may be beneficial for surface properties, it 
negatively affected material hardness. Figure 6(a) shows the hardness decreased greatly when 
the content of C29 R-diamide increased. When 12.4 wt% of the C29 R-diamide was mixed in 
the system, material hardness was still comparable to carnauba. However, further increasing 
the content to 41.3 wt% significantly decreased hardness and it became only one-third as 
hard as carnauba wax. 
In order to illustrate the critical function that the amide bond offers, a long chain diester 
(C52) with the same carbon number as the polyamide (C52) was synthesized. The polyamide 
had significantly higher hardness (8.9 mm-1) and melting temperature (150°C) compared to 
the diester’s hardness (2.5 mm-1) and melting temperature (77°C). This is likely because the 
–NH group and O=C group of the polyamide were able to engage in hydrogen bonding. Such 
hydrogen bonding improves interaction between different molecules or liner chains, 
therefore, increases hardness and melting point. It has been difficult to create a wax material 
having similar hardness as carnauba wax has, and this work demonstrates the possibility of 
accomplishing this. 
Long chain fatty alcohols (C28–C34) obtained from carnauba wax were used to evaluate 
the effect of fatty alcohols on hardness of C52 diester. Stearyl alcohol was used as a 
comparison. Figure 6(b) shows that the hardness of the resulting mixture increased with the 
content of stearyl alcohol and carnauba alcohols. However, the hardness of the mixture 
eventually plateaued and none of the mixtures had a hardness comparable to carnauba wax. 
The increase in hardness is very likely due to the fatty alcohol’s hydroxyl groups being able 
to hydrogen bond between themselves and with the esters. Such interaction can lead to a 
more rigid packing and higher hardness. Carnauba alcohols resulted in a higher hardness than 
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stearyl alcohol did due to their longer chain fatty alcohols. Carnauba alcohols had higher 
hardness (4.6 mm-1) than stearyl alcohol (1.7 mm-1) when measured alone.  
 
Effect of using FHSO as a starting material for the synthesis 
The feasibility of directly using FHSO instead of SFFA to synthesize polyamide was tested. 
The material produced did not have the desirable properties that carnauba wax has. The 
melting point of the material was high (120°C), but the hardness (2.77 ± 0.31 mm-1) was only 
about one-third that of carnauba wax (9.05 ± 1.62 mm-1) and the SFFA derived (8.57 ± 1.78 
mm-1) substitute. The material also had an undesirable rough surface and powdery texture. 
The residue of mono and diglyceroles may have interfered with the hydrogen bonding 
between –NH and O=C, leading to less orderly packing. The residue of monoglycerols and 
diglycerols may also interfere with the reaction between monoamide and cinnamic acid, and 
may lead to the formation of cinnamoyl glycerol (Holser et al., 2008) that can lower the 
hardness and melting point of the product. 
 
Melting temperature and surface hydrophobicity of waxes 
The melting points of all materials were determined by DSC. Two peaks were observed for 
materials formed by reaction 1. One peak at about 80°C was from the monoamide and the 
other peak at about 110°C was from the diamide (38C). After the free amine group in the 
monoamide was reacted with diacids, one broader peak with a peak point of 145–150°C was 
observed. Overall, diamide wax containing cinnamic rings (DR-wax) had a melting point 
much higher than that of carnauba wax (about 85 °C). The surface hydrophobicity of DR-
wax was also compared to carnauba wax, with contact angles of 65 and 45 for the two 
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waxes, respectively. The physical properties of the DR-wax (76.3 wt% C52 polyamide, 11.3 
wt% C38 diamide, and 12.4 wt% C29 R-diamide) in comparison to those of carnauba wax 
are shown in Table 2.  
 
Conclusion 
A wax material containing polyamide, diamide, and diamide having a cinnamic ring structure 
was successfully synthesized and demonstrated to have a set of physical properties 
comparable to those of carnauba wax, except the much higher melting temperature. It has 
been difficult to create a wax material having similar hardness as carnauba wax has, and this 
work demonstrates how this can be done. This material should find applications where high 
temperature resistance is needed. The structure-function relationship discussed should 
provide insights for future explorations of using biorenewable resources and feedstocks to 
mimic natural materials for their desirable properties.   
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SFFA – saturated free fatty acid 
86 
 
 
 
References 
1. Abes, M., Narine, S., 2007. Crystallization and phase behavior of fatty acid esters of 1,3-
propanediol I: pure system. Chem Phys Lipids. 149, 14–27. 
2. Attard, P., Stiernstedt, J., Rutland, M., 2007. Measurement of friction coefficients with 
the atomic force microscope. Journal of Physics: Conference Series. 61, 51–55. 
3. Basson, I., Reynhardt, E.C., 1988. An investigation of the structures and molecular 
dynamics of natural waxes: II carnauba wax. J. Phys. D: Appl. Phys. 21, 1429. 
4. Callinan, T., Crimi, J., Mcgee, H., Parks, A., Schwartz, P., 1964. Synthetic wax 
substitutes for carnauba wax and transfer ink compositions containing such substitutes. 
US Patent 3,129,104 A. 
5. Doan, C.D., To, C.M., De Vrieze, M., Lynen, F., Danthine, S., Brown, A., Dewettinck, 
K., Ratel, A., 2017. Chemical profiling of the major components in natural waxes to 
elucidate their role in liquid oil structuring. Food Chem. 214, 717–725. 
6. Duong, C.T., Park, S., Chang, J., Lee, S., 2009. Surface roughness and frictional 
coefficient of hip implant using atomic force microscopy. 55th Annual Meeting of the 
Orthopaedic Research Society Poster. 
7. Feairheller, S.H., Bistline, R.G., Bilyk, A., Dudley, R.L., Kozempel, M.F., Haas, M.J., 
1994. A novel technique for the preparation of secondary fatty amide. J. Am. Oil Chem. 
Soc. 71, 863–866. 
8. Ferdous, K., Uddin, M.R., Mondal, S.K., Khan, M., Islam, M., 2011. Preparation and 
characterization of biodiesel from karanja (pongamia pinnata) oil by different methods. 
International Conference on Mechanical Engineering and Renewable Energy. DOI: 
10.13140/2.1.2098.9766. 
9. Holser, R.A., Mitchell, T.R., Harry-O’Kuru, R.E., Vaughn, S.F., Walter, E., 
Himmelsbach, D., 2008. Preparation and characterization of 4-methoxyl cinnamoyl 
glycerol. J. Am. Oil Chem. Soc. 85, 347–351. 
10. Kelley, M.J., 1941. Hard wax substitute. U.S. Patent 2,356,408. 
11. Mohamed, C., Labat, M., Patel, B., Garcia, J., 2001. Isolation of a cinnamic acid-
metabolizing clostridium glycolicum strain from oil mill wastewaters and emendation of 
the species description. Int. J. Syst. Evol. Micr. 51, 2049–2054. 
12. Raghunanan, L., Narine, S., 2013 Influence of structure on chemical and thermal stability 
of aliphatic diesters. J Phys Chem B. 117, 14753–14762. 
13. Vandenburg, L.E., Wilder, E.A., 1967. Aromatic acids of carnauba wax. J. Am. Oil 
Chem. Soc. 44, 659–662. 
14. Vandenburg, L.E., Wilder, E.A., 1970. The structure constituents of carnauba wax. J. Am. 
Oil Chem. Soc. 47, 514–518. 
15. Waksmundzka-Hajnos, M., Sherma, J., 2011. High performance liquid chromatography 
in phytochemical analysis. Chapter 5, p. 92, ISBN: 978-1-4200-9260-8. 
16. Wang, L., Wang, T., 2007. Chemical modification of partially hydrogenated vegetable oil 
to improve its functional properties for candle. J. Am. Oil Chem. Soc. 84, 1149–1159. 
17. Yao, L., Lio, J., Wang, T., Jarboe, D., 2013. Synthesis and characterization of acetylated 
and stearylyzed soy wax. J. Am. Oil Chem. Soc. 90, 1063–1071. 
18. Yildiz, Y., Dasgupta, M., 2016. Unsaponifiable matter in carnauba (cera carnauba) wax, a 
modification of the USP/NF and FCC methods. Am. J. Anal. Chem. 7, 611–616.  
87 
 
 
 
Figure captions: 
 
Figure 1. The effect of monoamide content on hardness of the resulting material. 
 
 
Figure 2. The effect of polyamide content and carbon chain length and on hardness of waxes 
derived from two diacids. 
 
 
Figure 3. Topography and surface roughness (Rq) of various waxes. 
 
 
Figure 4. AFM trace-retrace curves of (a) carnauba wax; (b) mixture of C52 polyamide (90.0 
wt%) and C38 diamide (10.0 wt%); (c) mixture of C52 polyamide (80.8 wt%); C38 diamide 
(10.9 wt%), and C29 R-diamide (8.3 wt%); (d) mixture of C52 polyamide (71.8 wt%), C38 
diamide (11.6 wt%), and C29 R-diamide (16.6 wt%); and (e) mixture of C52 polyamide 
(62.9 wt%), C38 diamide (12.4 wt%), and C29 R-diamide (24.7 wt%). The curve of (f) 
lateral voltage difference between trace and retrace curves of wax samples which is an 
indicator of the coefficient of friction.  
 
 
Figure 5. Typical AFM extend-retract curve of wax samples (left) and estimated attraction 
and rupture forces of waxes with different amount of cinnamic ring in comparison with 
carnauba wax (right).  
 
 
Figure 6. The effect functional components on wax hardness: (a) effect of introducing 
cinnamic ring, and (b) effect of fatty alcohol content in a diester. 
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Figures and Tables 
 
1. Formation of monoamide and diamide 
 
 
2. Linkage of two monoamide by C6 or C12 diacid (n=4 or 10) 
 
 
 
3. Attaching a cinnamic ring to monoamide 
 
Scheme 1. Chemical reactions for the synthesis of carnauba wax substitute. 
 
 
Figure 1. The effect of monoamide content on hardness of the resulting material. 
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Figure 2. The effect of polyamide content and carbon chain length and on hardness of waxes 
derived from two diacids. 
 
90 
 
 
 
 
a. Carnauba wax. 
 
b. A mixture of C52 polyamide (90.0 wt%) and C38 diamide (10.0 wt%). 
 
c. A mixture of C52 polyamide (80.8 wt%), C38 diamide (10.9 wt%), and C29 R-diamide 
(8.3 wt%). 
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d. A mixture of C52 polyamide (71.8 wt%), C38 diamide (11.6 wt%), and C29 R-diamide 
(16.6 wt%) 
 
e. A mixture of C52 polyamide (62.9 wt%), C38 diamide (12.4 wt%), and C29 R-diamide 
(24.7 wt%) 
 
Figure 3. Topography and surface roughness (Rq) of various waxes. 
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f.  
 
Figure 4. AFM trace-retrace curves of (a) carnauba wax; (b) mixture of C52 polyamide (90.0 
wt%) and C38 diamide (10.0 wt%); (c) mixture of C52 polyamide (80.8 wt%); C38 diamide 
(10.9 wt%), and C29 R-diamide (8.3 wt%); (d) mixture of C52 polyamide (71.8 wt%), C38 
diamide (11.6 wt%), and C29 R-diamide (16.6 wt%); and (e) mixture of C52 polyamide 
(62.9 wt%), C38 diamide (12.4 wt%), and C29 R-diamide (24.7 wt%). The curve of (f) 
lateral voltage difference between trace and retrace curves of wax samples which is an 
indicator of the coefficient of friction.  
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Figure 5. Typical AFM extend-retract curve of wax samples (left) and estimated attraction 
and rupture forces of waxes with different amount of cinnamic ring in comparison with 
carnauba wax (right).  
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(a) 
 
(b) 
 
Figure 6. The effect functional components on wax hardness: (a) effect of introducing 
cinnamic ring, and (b) effect of fatty alcohol content in a diester. 
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Table 1. The surface gloss of wax as affected by the increasing quantity of ring structure. 
Wax samples Surface gloss (Gu) 
Carnauba wax 62.9±0.4 A 
100wt% 2* 28.9±0.2 D 
95wt% 2 + 5wt% 3** 28.3±1.5 D 
90wt% 2 + 10wt% 3 27.1±1.2 D 
85wt% 2 + 15wt% 3 42.2±2.8 B 
80wt% 2 + 20wt% 3 39.1±1.8 C 
70wt% 2 +30wt% 3 27.0±2.1 D 
50wt% 2 + 50wt% 3 20.9±1.3 E 
* 2= mixture of C52 polyamide (90 wt%) and C38 diamide (10%); **3= mixture of C29 R-
diamide (83 wt%) and C38 diamide (17%). Means followed by same superscript are not 
significantly different, p <0.05.  
 
Table 2. Physical properties of DR-wax in comparison to carnauba wax. 
Property DR-Wax Carnauba wax 
Appearance hard solid hard solid 
Color dark yellow to brown yellow to brown 
Melting point 145–150°C 81–86°C 
Needle penetration (ASTM D1321) 0.12 mm (8.57 mm-1) 0.11 mm (9.05 mm-1) 
Water contact angle ~65° ~45° 
DR-wax: a mixture of 76.3 wt% C52 polyamide, 11.3 wt% C38 diamide, and 12.4 wt% C29 
R-diamide  
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Abstract 
This work demonstrates a significant advance in developing vegetable oil-based binders with 
desired properties for birdseed binding. A soybean oil derivative synthesized by 
interesterification, ring opening, and crosslinking reactions was used to form the binder. The 
effects of the quantity of saturated fatty acylglycerols (i.e., fully hydrogenated soybean oil, 
FHSO) introduced into epoxidized soybean oil (ESO) and a phosphoric acid (H3PO4) 
crosslinker on product characteristics were investigated, and tests on seed binding were 
performed. Increasing the quantity of FHSO improved hardness and adhesiveness of the 
binder. The highest hardness (617 ± 81 g) and adhesiveness (817 ± 43 g) were obtained by 
crosslinking the interesterified esters of FHSO and ESO at 1:1 molar ratio with 15 wt% 
phosphoric acid. Further increasing the quantity of FHSO led to various degrees of phase 
separation in the binder. Increasing the quantity of H3PO4 also improved hardness and 
adhesiveness of the binder. Blending MDAG (a mixture of mono and diacylglycerols at 
about a 1:1 ratio) with the optimal binder at a weight ratio of 3:2 resulted a binder-MDAG 
mixture (BMD) having an average hardness and adhesiveness of 4,024 and 1,197 g, 
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respectively. Curing the mixture in open air led to increased hardness, adhesiveness, and 
melting point. Seed cakes bound with 15 wt% BMD were about twice as hard as gelatin-
bound seed cakes. Curing seed cakes in sealed plastic bags had no significantly effect on 
cake hardness, while open air curing significantly increased hardness (about 3.5 times that of 
gelatin cakes after 20 days) and temperature tolerance (after curing for 5 days, no 
deformation or softening when heated to 60°C for 30 min). Seed cakes bound with BMD also 
presented much better water resistance. Therefore, it is possible and feasible to use a 
minimally modified soybean oil as bird seed binder. 
 
Key words: bird seed, crosslinker, epoxidized soybean oil, fully hydrogenated soybean oil, 
and soybean oil-based binder.  
 
Introduction 
Currently, bird seed binders are mainly gelatin and animal fat based. However, the seed 
cakes containing animal products cannot be exported to European countries due to import 
policies. A plant oil-based adhesive may be capable of binding loose seeds together, enabling 
it to be used as an alternative to the animal protein and fat-based binders used currently. 
Potential adhesives such as pressure sensitive adhesives (PSAs) can be synthesized by 
polymerizing epoxidized soybean oil (ESO) and dihydroxy soybean oil with phosphoric acid 
(Sun et al., 2012). They can also be obtained by polymerization of epoxidized fatty acids 
(EFAs) derived from soybean oil with or without dicarboxylic acids (Li and Li, 2014). 
Although soybean oil-based PSAs were designed for applications such as tapes and labels, 
and certain non-food grade ingredients are used in the syntheses, it is possible to develop a 
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food grade adhesive or binding agent using soybean oil products as the base material with the 
recent development in synthetic approaches. However, current literature has limited 
information on synthesizing and using soybean oil-derived binders for food or feed 
applications, such as bird seed binder. Therefore, there is a need to identify suitable synthesis 
routes and application characteristics. 
To be used as a bird seed binder, the product derived from soybean oil should have these 
physical properties: tackiness to bind seeds together; high hardness when it solidifies to 
provide the seed cakes with mechanical strength; proper melting profile, so the seed cakes 
maintain their shape and strength during storage and transportation under elevated 
temperatures; and low epoxide content (<1%) to meet FDA regulations on food additives. 
The soybean oil products available today, such as fully hydrogenated soybean oil 
(FHSO) and ESO, do not possess these properties. FHSO is brittle and its use leads to highly 
fragile seed cakes. ESO is viscous, but non-tacky liquid. Although some soybean oil-based 
PSAs may have the preferred tackiness (Sun et al., 2012; Li and Li, 2014) to bind seed 
together, these PSAs have low hardness and melting point, which will lead to low mechanical 
strength of the seed cakes, even after blending with a hardness enhancer, a mixture of mono 
and diacylglycerols (MDAG, with saturated fatty acids). The hardness and melting point of 
these adhesives need to be improved to provide strength to the seed cakes to maintain 
desirable characteristics under different environmental conditions. The long-lasting tackiness 
of the PSAs is also undesirable in this case and needs to be eliminated to provide a hard, non-
tacky seed cake surface after curing. 
In this study, we aimed to develop a method to synthesize a food-grade soybean oil-
derived bird seed binder that provides seed cakes with desirable characteristics. We 
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hypothesized that introducing saturated fatty acylglycerols by interesterifying ESO with 
FHSO before the epoxide ring opening and crosslinking reactions could improve the 
hardness and hydrophobicity of the seed binder; therefore, improving binding strength. 
Phosphoric acid can act as a crosslinker as well as a catalyst, and higher amounts of H3PO4 
will lead to more complete crosslinking and thus, higher hardness and adhesiveness. After 
mixing with MDAG, the binder-MDAG mixture (BMD) may undergo further crosslinking 
with the residual acid as a catalyst, which then terminates the tackiness and further increases 
hardness and temperature tolerance of the seed cake. To test our hypotheses, ESO was 
interesterified with FHSO and the epoxy ring was partially opened with water since hydroxyl 
groups are essential for tackiness (Ahn et al., 2011). The partially ring-opened product was 
crosslinked using phosphoric acid and then the product was blended with MDAG at a weight 
ratio of 2:3 to form BMD, which was then used in performance tests on seed binding. The 
effect of curing on the physical properties of BMD and the seed cakes was also evaluated. 
 
Materials and Methods 
FHSO was provided by Stratas Foods (Memphis, TN). ESO (epoxy oxygen content of about 
7 wt%, molecular weight of about 1,000 g/mol) was provided by ACS Technical Products, 
Inc. (Griffith, Indiana) and used as received. MDAG (Mono-Di HV 52K-A) was provided by 
Danisco USA Inc. (Cedar Rapids, IA). Phosphoric acid and other chemicals were purchased 
from Fisher Scientific (Pittsburgh, PA). 
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Interesterification of ESO with FHSO and partial ring opening of the epoxy groups 
The number of epoxy groups per mole of ESO was reduced by interesterifying with FHSO, 
so the saturated fatty acids introduced into the ESO would increase the hardness and melting 
point. FHSO was mixed with ESO at molar ratios of 1:3, 1:2, 1:1, and 1:0.5 in a round-
bottom flask, and 0.05 wt% of sodium methoxide was added as a catalyst. The system was 
continuously mixed with a magnetic stirrer and heated in an oil bath at 95°C for 30 minutes. 
After interesterification, the catalyst was removed by water wash, and the interesterified oil 
was collected and vacuum oven dried. 
Interesterified ESO was partially ring opened with water (Figure 1). About 100 g of 
interesterified ESO was mixed with water (molar ratio of epoxy groups to water of 4:1) in a 
round-bottom flask with the presence of tetrafluoroboric acid (0.1 wt%) as the catalyst (Chen 
et al., 2014). The mixture was continuous mixed and heated at 95°C for 5 hours in an oil 
bath. The resulting mixture was extracted using ethyl acetate after cooling to ambient 
temperature and then washed with saturated sodium chloride solution until a pH of about 7.0 
was obtained. The organic solvent was removed by rotary evaporation at 70°C. 
 
Crosslinking of the partially ring opened product to further improve adhesiveness 
The use of different amounts of H3PO4 will lead to different degrees of crosslinking and thus, 
result in different physical properties of the binder. To evaluate the effect of 
crosslinker/catalyst quantity, H3PO4 of 5, 10, and 15 wt% was added to the partially ring 
opened products (Figure 2). Nitrogen gas was bubbled through the mixture for 2 minutes to 
minimize side reactions during crosslinking. The system was continuously stirred with a 
101 
 
 
 
magnetic stirrer and heated to 110°C for 12 hours in an oil bath. Three batches of the binders 
were synthesized and used for textural and thermal analyses. 
The possibility of combining ring opening and crosslinking reactions in one-pot was also 
tested. Interesterfied ESO, water and phosphoric acid were mixed in the round-bottom flask, 
and the system was continuously stirred with a magnetic stirrer and heated to 110°C for 12 
hours in an oil bath. The amount of water and phosphoric acid added to the interesterified 
ESO was calculated based on the ratio that resulted in the optimal binder. In this reaction, the 
tetrafluoroboric acid catalyst was eliminated. A seed binding performance test was also 
conducted using the binder synthesized employing this simplified procedure, and the strength 
of the seed cakes was compared to seed cakes bound with gelatin and the optimal BMD. 
 
Textural and thermal analyses of seed binders 
The hardness and adhesiveness of the seed binders were measured by penetration and pulling 
tests using the TA-XTPlus texture analyzer (Stable Micro Systems, Godalming, Surrey, UK). 
Five g of binder was cooled and solidified in a 10 mL beaker to form the test sample. The 
beaker was fixed on the testing platform and kept steady during penetration and pulling. A 4 
mm diameter probe penetrated 2 mm into the binder at a speed of 1 mm/s and then was 
withdrawn to its original position. The peak force during penetration and withdrawal was 
recorded as hardness and adhesiveness, respectively. The binders were then blended with 
MDAG at a mixing ratio of 2:3 for seed binding performance tests and an optimal BMD was 
selected. To determine the effect of curing on physical properties of the BMD, hardness and 
adhesiveness of the selected binder was measured at 5, 10, 15, 20, and 25 days during storage 
in the open air at ambient temperature (about 21°C). 
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The melting profile of the binders were analyzed using a differential scanning 
calorimeter (DSC-7; Perkin-Elmer, Norwalk, CT) equipped with an Intracooling II system. A 
10 mg sample was weighed and sealed in a steel pan (Perkin-Elmer) and a blank steel pan 
was used as the reference. The temperature program started with 1 min holding at 20°C, 
followed by increased heating of 20°C/min to 100°C, and 1 min holding at 100°C. The peak 
point was taken as melting point. To test the effect of curing on the thermal properties of the 
binder, the BMD samples were stored for 5, 10, 15, 20, and 25 days and measured. The 
change in onset and end points during storage was also monitored. 
 
Epoxide residue determination and structure confirmation by 1H NMR 
Epoxide content in food products is regulated by FDA to be <1%, so it is important to 
monitor epoxide content in the final product. To determine the epoxide residue as well as to 
better understand the structure-function relationship, 1H NMR spectra of the crosslinked 
products were obtained using a Varian MR400 (Varian Inc., Polo Alto, CA, USA). The 
sample solutions were prepared using CDCl3 solvent to give a 15% analyte concentration. 
The spectra were obtained with 32 scans at a delay time of 1 s between scans (Ahn et al., 
2011). The existence or non-existence of epoxy groups was determined by identifying the -
CH- protons of the epoxy rings at δ 3.0–3.2 ppm. Although all the binders were used for 
binding performance tests to give a systematic comparison, epoxide residue content was one 
of the key factors considered when determining the optimal reaction and composition for the 
seed binder. 
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Performance testing and optimization for seed binding 
Since actual binding performance is dependent on many different factors, including hardness 
and adhesiveness of the binder, practical seed binding performance testing is necessary for an 
optimal seed binding determination. A mixture of seeds (1:1 of oil sunflower seeds and an 
amaranth seed blend) of about 18 g was mixed with 20 wt% of the BMD at 10°C above its 
melting temperature. The seeds were then pressed into a cylindrical mold (40 mm × 25 mm) 
and allowed to set in the open air for 24 hours (considered as Day 0). Seed cakes formed 
were then gently pushed out and a textural profile analysis was performed on samples using a 
TA-XTPlus texture analyzer. The samples were compressed 18.75 mm at a speed of 1.5 
mm/s using a cylindrical probe which has a diameter of 50 mm. Hardness of the samples was 
calculated using Exponent software (Hamilton, MA). Seed cakes bound by a commercially 
available formulation made of gelatin were used as a control. The textural properties of the 
samples were compared with those of the control, and the binder which had no epoxide 
residue and provided the seed cakes with highest hardness was selected for further evaluation 
and optimization. 
To evaluate the effect of binder usage, 10, 15, 20, and 30 wt% of the selected BMD was 
mixed with 18 g of seeds to form seed cakes and textural profile analysis was performed with 
the previously established procedure on all samples. The lowest percentage of BMD usage 
that provided seed cakes with sufficient mechanical strength was selected as optimal and 
used to form seed cakes for later evaluation. To evaluate storage time and conditions based 
on textural attributes of the seed cakes, hardness changes of the seed cakes made with gelatin 
and BMD were monitored during storage. Samples were stored in sealed plastic bags to best 
mimic the packaging environment that finished seed wreaths are kept in. Samples were 
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assessed for 50 days with a hardness evaluation every five days following the initial 24 hour 
set time. In addition, the impact of sample storage in an open air environment on hardness 
was evaluated. For this experiment, samples were observed for 20 days with a hardness 
evaluation every five days following the initial 24 hour set time. Samples were stored indoor 
at ambient temperature (21°C). The hardness of seed cakes was evaluated using the 
established TA.XTPlus procedure. 
To evaluate the heat stability of the seed cakes, samples (set for 24 hours and for 5 days 
in open air) were heated in an oven set at about 60°C for 30 minutes and a visual evaluation 
was performed immediately after each seed cake was removed from the oven to determine if 
the binder was capable of maintaining its shape. 
The effect of humidity on the textural attributes of the seed cakes with different binders 
was also evaluated. Seed cake samples were evaluated at 32%, 66%, and 81% relative 
humidity (RH). To achieve these RH values, samples were stored for a week in a desiccator 
with different saturated salt solutions. The corresponding salts were magnesium chloride, 
sodium nitrite, and ammonium sulfate for 32%, 66%, and 81% RH, respectively. After 
samples equilibrated for a week, they were evaluated using a TA.XTPlus for hardness. 
Additionally, the moisture content (dry weight basis) was determined. 
A full submersion test was done to determine the relative strength of samples following 
complete interaction with water. Samples were submerged in a beaker filled with ambient 
temperature water for 10 seconds. Once removed from the water bath, samples were allowed 
to sit for one minute before being evaluated using a TA.XTPlus. 
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Results and Discussion 
Effect of quantity of FHSO and phosphoric acid on hardness, adhesiveness, and melting 
temperature of the seed binder 
Saturated fatty acids were introduced into the seed binder by interesterifying ESO with 
FHSO prior to the crosslinking reaction. The effect of FHSO on hardness, adhesiveness, and 
melting profile of the binder were evaluated by comparing physical properties of samples 
which had different proportions of FHSO introduced. Figure 3 shows that increasing the 
FHSO to ESO ratio from 1:3 to 1:1 increased the hardness of the binder when a proper 
amount of crosslinker was used. The increase in hardness was due to the increased amount of 
saturated fatty acyl chains in the crosslinked mass. However, a further increase of the ratio to 
1:0.5 decreased the hardness. The decrease in hardness is because of the severe phase 
separation observed when an excessive amount of FHSO was used, especially when the 
quantity of phosphoric acid was at 5 and 10 wt%, leading to less saturated free fatty acyl 
structures in the crosslinked mass. As the FHSO:ESO ratio increased from 1:3 to 1:0.5, the 
average number of epoxy rings decreased from 3.4 to 1.5 per molecule (the average number 
of epoxy rings in ESO = 4.5). Since some fatty acyl chains in ESO have more than one epoxy 
ring due to the naturally high of linoleic acid (C18:2) content of the soybean oil, it is difficult 
to ensure that at least one fatty acyl chain of one triglyceride (TAG) will have one epoxy ring 
after interesterification. As the ratio of FHSO:ESO increases, the chance of having fully 
saturated non-epoxy triglycerides increases. The significant decrease in the number of epoxy 
rings per TAG molecule can also lead to decreased intermolecular crosslinking, while the 
increase in saturated non-epoxy fatty acyl structures and their non-reactivity in crosslinking 
made these molecules separate from the crosslinked mass. This resulted in a phase separation 
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and softer crosslinked product. Figure 4 shows that adhesiveness of the seed binder increased 
as ratio of FHSO:ESO was increased from 1:3 to 1:1 when 15 wt% phosphoric acid was 
used. The increase in adhesiveness correlated with the increase in hardness. When the 
FHSO:ESO ratio was 1:2 or 1:3, the seed binder was too soft and it slid off the probe easily 
during the pulling test, giving a low adhesiveness value. 
The effect of crosslinker quantity on hardness and cohesiveness was also evaluated. 
Figures 3 and 4 show that hardness and adhesiveness increased with increased quantities of 
phosphoric acid from 5% to 15% when the FHSO:ESO ratio was 1:1. This is because a 
higher amount of phosphoric acid promoted the crosslinking reaction and led to a more 
complete reaction that eliminated the phase separation, which means more saturated fatty 
acylglycerols entered the polymer matrix and therefore, gave improved hardness. The same 
trend in hardness was observed when the FHSO:ESO ratio was 1:0.5 as higher dosages of 
phosphoric acid resulted in less severe phase separation. However, different quantities of 
phosphoric acid did not result in a significant difference in adhesiveness when FHSO:ESO 
was 1:0.5, because phosphoric acid was not able to link the molecules due to limited 
crosslinking sites. For the FHSO:ESO ratio of 1:2, an increase in the quantity of phosphoric 
acid to 15 wt% decreased hardness, but improved adhesiveness. Neither hardness nor 
adhesiveness was significantly affected by the quantity of phosphoric acid at an FHSO:ESO 
ratio of 1:3. Both the FHSO:ESO ratios of 1:2 and 1:3 have no phase separation after 
crosslinking using 10 and 15 wt% phosphoric acid. This indicated the amount of saturated 
fatty acyl chains in the crosslinked mass is probably the dominating factor on hardness. 
Although increasing phosphoric acid dosage may lead to a higher degree of crosslinking, the 
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amount of saturated fatty acyl chains being incorporated in the polymer matrix was not 
significantly affected when the FHSO:ESO ratio was 1:2 and 1:3. 
The melting point of the binder is another important parameter to evaluate since the seed 
cakes formed with the binder need to maintain their shape and strength under elevated 
temperatures. Table 1 shows that when 5 wt% of H3PO4 was used, all mixing ratios of FHSO 
to ESO resulted in similar melting peaks for the binder formulations. This is probably due to 
all the mixing ratios resulting in interesterified products with a sufficient amount of epoxy 
rings to react with 5 wt% H3PO4, producing in similar levels of crosslinking in the binders. 
The phase separation due to the increased amount of FHSO is probably another reason why 
the melting peaks were not affected since it may have resulted in a similar amount of 
saturated free fatty acyl chains in the crosslinked mass even though a higher FHSO to ESO 
ratio was used. When 10 wt% and 15 wt% of H3PO4 was used, the melting peaks of the 
binders increased as the amount of ESO increased. More ESO means more epoxy rings are 
available to crosslink, which may have led to a higher degree of crosslinking and possibly 
more saturated free fatty acyl chain incorporation, thus resulting in higher melting peaks. 
Table 1 also shows that the melting peak of the binders tended to increase as the amount of 
H3PO4 increased from 5 wt% to 15 wt%. This is probably because the higher amount of 
H3PO4 led to a more complete reaction as well as residual acid may have catalyzed further 
polymerization between hydroxyl groups to form poly-ether, consequently leading to a 
higher level of crosslinking and improved incorporation of saturated free fatty acyl chains. 
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Epoxide residue content in the seed binders 
In order to meet the FDA requirement for epoxide content (<1%) in food products, epoxide 
residue in the seed binders was monitored using 1H NMR. Figure 5a shows there was 
epoxide residue when an FHSO:ESO ratio of 1:1 was crosslinked using 5 wt% phosphoric 
acid, since -CH- protons of the epoxy ring were detected at δ 3.0–3.2 ppm (Adhvaryu and 
Erhan, 2000). Further increasing the quantity of phosphoric acid to 10 wt% and 15 wt% led 
to the disappearance of the protons of the epoxy ring, indicating a complete reaction of the 
epoxy ring. This also explains the decreased degree of phase separation, and increased 
hardness and adhesiveness as the quantity of phosphoric acid increased to 15 wt%. For the 
FHSO:ESO ratio of 1:2, epoxide residue was detected when 5 wt% phosphoric acid was 
used. Further increasing the quantity to 10 wt% and 15 wt% eliminated epoxy rings due to 
more complete crosslinking and thus, improved adhesiveness (Figure 5b). These 1H NMR 
results corresponded to the DSC results, which indicated that all mixing ratios of FHSO to 
ESO had a sufficient amount of epoxy rings to react with 5 wt% of H3PO4 and therefore, no 
significant difference in the melting peaks of binders produced. 
It was surprising to observe that no epoxide residue was found in any of the seed binders 
when the FHSO:ESO ratio of 1:3 was used (Figure 5c). At 5 wt% phosphoric acid usage, the 
epoxy rings were all reacted and further increasing the quantity did not lead to further 
changes. This explained the insignificant changes in hardness and adhesiveness with the 
increase in phosphoric acid usage. It is possible that ring-opening instead of crosslinking 
dominated when 15 wt% H3PO4 was added to FHSO:ESO of 1:3. However, the elimination 
of epoxy groups at such a low crosslinker concentration was not expected and factors 
109 
 
 
 
affecting the priority of reactions (ring-opening or crosslinking) were not yet fully 
understood. 
 
Performance tests and optimization of binder usage 
In addition to the physical properties of each binder analyzed and compared, a seed series of 
binding tests were performed since optimal physical properties of a binder may not always 
lead to optimal binding performance. The binder synthesized by crosslinking interesterified 
FHSO:ESO at a 1:0.5 ratio was not tested due to its phase separation after crosslinking. 
Gelatin bound seed cakes were used as a control, and hardness and temperature tolerance of 
the seed cakes were measured. Figure 6 shows that all the seed cakes formed with 20 wt% 
BMD after setting for 24 hours had significantly higher hardness than the gelatin cakes. The 
seed binder obtained by crosslinking interesterified FHSO:ESO at a 1:1 ratio with 15 wt% 
phosphoric acid resulted in the hardest seed cake and it had no epoxide residue according to 
the 1H NMR spectra; therefore, it was selected as our optimal binder for subsequent 
performance tests. The effect of BMD usage or dosage on seed strength was studied. As 
shown in Figure 7, seed cake strength increased when the dosage of BMD increased. The 
gelatin control and the 10 wt% BMD treated samples had similar hardness. However, 10 wt% 
BMD was not ideal since the samples were fragile and tended to fall apart, especially around 
the edges of the sample. There was a significant increase in hardness at the 15, 20, and 30 
wt% BMD addition levels over the control, with no significant difference between the 15 and 
20 wt% groups. The 30 wt% BMD addition resulted in a near fourfold increase in hardness 
compared to the gelatin sample. All samples with 15, 20, and 30 wt% of BMD resulted in 
good edge strength. Considering cost-effectiveness, the 15 wt% level that resulted in a cake 
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hardness about 2 times that of the gelatin bound cakes was selected as the optimal binder 
dosage and later samples were all formed with 15 wt% BMD. 
 
Effect of curing on hardness of binder and seed cakes 
The effect of curing on seed cake hardness in both sealed plastic bags and open air were 
studied to evaluate binder stability during storage. Figure 8 shows that in a closed 
environment, day 0 and day 50 BMD bound samples were significantly harder than day 0 and 
day 50 gelatin bound cakes. There was no significant difference in the hardness of the gelatin 
bound samples between day 0 and day 50, and there was no significant difference in hardness 
between the day 0 and day 50 BMD bound samples either. 
However, a significant increase in the hardness of BMD bound seed cakes was observed 
when the seed cakes were cured in open air (Figure 8). Samples cured in the open air had a 
hardness about 2 times that of samples cured in the closed environment. Corresponding to the 
increased hardness of the seed cakes, the BMD itself (Figure 9a) also showed increasing 
hardness as it cured in open air, and the hardness the BMD was significantly higher after 20 
days of curing. The increased hardness is most likely due to the binder undergoing further 
crosslinking and the loss of water drove the reaction to further crosslinking. The 
adhesiveness of the BMD also increased with curing, which was due to the increased 
molecular size of the polymer. Others have also reported that adhesion of a polymer can 
increase with growing molecular size and debonding was dominated by fibril deformation 
when a critical molecular weight was achieved (O’Connor and Willenbacher, 2003; Laurens 
et al., 2004). Although adhesiveness of the BMD increased, a loss of surface tackiness was 
observed. Correspondingly, it was also observed that the surface of seed cakes bound with 
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BMD became less tacky after prolonged curing. The lower degree of surface tackiness is 
preferred for bird seed cakes and it is probably due to the loss of hydroxyl groups in a 
continuous condensation reaction. The loss of hydroxyl groups reduced the molecular forces 
between the cake surface and another contact point (Burnett et al., 2007; Awaja et al., 2009), 
and ester tackifier was reported to lose its tackiness when continuously exposed to both air 
and moisture (Pancholski et al., 2016). 
 
Temperature tolerance and moisture resistance of seed cakes bound with the selected BMD 
Temperature tolerance of the seed cakes was another important parameter tested to ensure 
that the binder was able to hold the shape of the cakes at the elevated temperature of 60°C. 
After 24 hours of curing, none of the seed cakes was able to tolerate 60°C and they were 
easily deformed. After curing for 5 days in the open air, the temperature tolerance of the seed 
cakes was greatly improved and no significant deformation or loss of strength of the seed 
cakes was observed after heating. Figure 9b shows that the onset and peak melting of the 
BMD increased from 57 to 63°C and 64 to 69°C, respectively, after curing for 5 days. This 
explained the improved temperature tolerance of the cured seed cakes. However, no 
significant changes in melting profile were observed after further curing up to 25 days. The 
increased melting onset and peak point are because the binder underwent further 
crosslinking, leading to a harder and higher melting temperature material. With proper curing 
conditions, it is possible to form seed cakes with the required hardness and temperature 
tolerance using soybean oil-based binder. 
In addition, the BMD was also expected to have better water resistance. Figure 10 shows 
that the BMD bound seed cakes were harder and more stable than gelatin bound cakes under 
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different RH, and they were capable of maintaining their hardness even after full submersion 
in water, while the hardness of gelatin bound seed cakes significantly decreased after full 
submersion due to gelatin’s high water solubility. The better moisture resistance of the seed 
cakes will ensure they maintain their shape in areas with high RH or high rain frequency. 
 
Simplified one-pot reaction 
The possibility of combining ring opening and crosslinking reactions was also tested using 
the determined optimal conditions. Such a combination simplified the synthesis, eliminated 
the use of toxic tatrafluoroboric acid as catalyst, and made it more industrially friendly. The 
hardness of seed cakes bound with the resulting binder was compared to that of gelatin-
bound seed cakes and the previously determined optimal binder. The binder synthesized with 
the simplified procedure resulted in seed cakes with a hardness (12,555±800 g) significantly 
higher than that of gelatin-bound seed cakes (4,547±1,085 g), but it was not significantly 
different from the seed cakes bound with the selected optimal binder (1,2470±929 g). This 
indicates it is possible to combine ring opening and crosslinking reactions using phosphoric 
acid as the crosslinker as well as the catalyst for ring opening. 
 
Conclusion 
Introducing FHSO to ESO improved the hardness of the binding agent after further reactions. 
However, excessive amounts of FHSO can lead to severe phase separation and negatively 
affect binder hardness and adhesiveness. Higher quantities of phosphoric acid led to higher 
hardness and adhesiveness when FHSO:ESO in a 1:1 ratio was used. The use of BMD at 15 
wt% resulted in good integration of the seed cake as well as significantly higher hardness of 
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the cake compared to gelatin-bound cakes. Curing of the BMD bound seed cakes in a closed 
system did not significantly change seed cake hardness. However, curing in open air 
increased hardness and melting point of the soy binder, and the hardness and heat tolerance 
of the cakes bound with such binder also increased. No epoxide residue was detected when 
≥10 wt% of phosphoric acid was used for crosslinking. It is possible to combine the ring 
opening and crosslinking reaction with phosphoric acid serving as the catalyst and 
crosslinker. Overall, this study demonstrates that it is feasible to use a soybean oil-based 
derivative as a safe and novel bird seed binding agent. 
 
 
Acknowledgement 
This work was funded by Iowa State University’s Center for Industrial Research and Service 
(CIRS); and C&S Products Co., Inc., Ft Dodge, Iowa. 
 
 
 
References 
 
1. Adhvaryu, A., & Erhan, S.Z. (2000). Epoxidized soybean oil as a potential source of 
high-temperature lubricant. Industrial Crops and Products, 15, 247–254. 
2. Ahn, B.K., Fraft, S., Wang, D., & Sun, X.S. (2011). Thermally stable, transparent, 
pressure-sensitive adhesives from epoxidized and dihydroxyl soybean oil. 
Biomacromolecules, 12, 1839–1843. 
3. Ahn, B.K., Fraft, S., & Sun, X.S. (2011). Chemical pathways of epoxidized and 
hydroxylated fatty acid methyl esters and triglycerides with phosphoric acid. Journal of 
Material Chemistry, DOI: 10.1039/c1jm10921a. 
4. Awaja, F., Gilbert, M., Kelly, G., Fox, B., & Pigram, P. (2009). Adhesion of polymers. 
Progress in Polymer Science, 34, 948–968. 
5. Burnett, D., Thielmann, F., & Ryntz, R. (2007). Correlating thermodynamic and 
mechanical adhesion phenomena for thermoplastic polyolefins. Journal of Coating 
Technology and Research, 4, 211–215. 
114 
 
 
 
6. Laurens, C., Creton, C., & Leger, L. (2004). Adhesion promotion mechanisms at isotactic 
polypropylene/polyamide 6 interfaces: role of the copolymer architecture. 
Marcromolecules, 37, 6814–6822. 
7. Li K., & Li A. (2014). Pressure-sensitive adhesives based on soybean fatty acids. RSC 
Adv., 21521-21530.  
8. O’Connor, A., & Willenbacher, N. (2004). The effect of molecular weight and 
temperature on tack properties of model polyisobutylenes. International Journal of 
Adhesion and Adhesives, 24, 335–346. 
9. Pancholski, M.L., Donkus, L.J., & White, J.A.(2016). Correlation of pressure sensitive 
adhesive performance to surface chemistry upon air exposure. Journal of vacuum science 
and technology, B34: 030602, DOI: 10.1116/1.4938487. 
10. Sun, X.S., Ahn, B.K., & Wang, D. (2012). Pressure sensitive adhesives, coatings, and films 
from plant oils.  Patent Application, WO 2012100717. 
115 
 
 
 
Figures and Tables 
 
 
Figure 1. Partial ring opening of interesterified ESO with water catalyzed by tetrafluoroboric 
acid. 
 
 
Figure 2. Crosslinking of the ring opened products using phosphoric acid (adapted from Ahn, 
et al. 2011). 
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Figure 3. The effect of the quantity of fully hydrogenated soybean oil (FHSO) and 
phosphoric acid on hardness of the seed binder. FHSO:ESO – interesterified fully 
hydrogenated soybean oil and epoxidized soybean oil at different molar ratios. Means 
followed by different letters are significantly different at p<0.05. 
 
 
 
Figure 4. The effect of the quantity of fully hydrogenated soybean oil (FHSO) and 
phosphoric acid on adhesiveness of the seed binder. FHSO:ESO – interesterified fully 
hydrogenated soybean oil and epoxidized soybean oil at different molar ratios. Means 
followed by different letters are significantly different at p<0.05. 
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a.  
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c.  
Figure 5. 1H NMR detection of epoxide residue after crosslinking (a) FHSO:ESO molar ratio 
of 1:1, 5 to 15 wt% bottom to top; (b) FHSO:ESO ratio of 1:2, 5 to 15 wt% bottom to top; 
and (c) FHSO:ESO ratio of 1:3, 5 to 15 wt% bottom to top. 
 
 
Figure 6. The hardness of seed cakes bound with different seed binders. FHSO:ESO – 
interesterified fully hydrogenated soybean oil and epoxidized soybean oil at different molar 
ratios. All binders were mixed with mono/diacylglycerol (MDAG) for seed binding. Means 
followed by different letters are significantly different at p<0.05. 
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Figure 7. The effect of seed binder usage on hardness of seed cakes. Means followed by 
different letters are significantly different at p<0.05. 
 
 
Figure 8. The effect of curing in a closed system and open air on the hardness of seed cakes 
bound with different binders. 
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Figure 9. The effect of curing in open air on (a) hardness and adhesiveness and (b) melting 
profile of the MDAG (BMD) binder. 
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Figure 10. The effect of different relative humidity on hardness of the MDAG (BMD) and 
gelatin bound seed cakes. Means followed by different letters are significantly different at 
p<0.05. 
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Table 1. The effect of phosphoric acid usage and mixing ratio of FHSO to ESO on melting 
peak of the binders (measured at day 0). 
FHSO:ESO ratio Phosphoric acid (%) Melting peak (°C) 
1:0.5 5 53.6 ± 0.8 D 
1:1 5 53.6 ± 0.1 D 
1:2 5 54.0 ± 1.3 D 
1:3 5 54.5 ± 2.5 D 
1:0.5 10 52.6 ± 1.6 D 
1:1 10 57.2 ± 1.4 BC 
1:2 10 59.2 ± 2.2 B 
1:3 10 61.4 ± 1.5 B 
1:0.5 15 52.5 ± 1.1 D 
1:1 15 56.0 ± 0.3 C 
1:2 15 64.0 ± 2.3 A 
1:3 15 62.0 ± 0.4 A 
Means followed by different letter superscript are significantly different at p<0.05.  
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Abstract 
 
This work demonstrates a significant advance in bioprocessing for a high-melting lipid 
polymer. A novel and environmental friendly solvent mixture, acetone/ethanol/propylene 
carbonate (A/E/P, 1:1:1 v/v/v) was identified for extracting poly-hydroxybutyrate (PHB), a 
high-value biopolymer, from Cupriavidus necator. A set of solubility curves of PHB in 
various solvents was established. PHB recovery of 85% and purity of 92% were obtained 
from defatted dry biomass (DDB) using A/E/P. This solvent mixture is compatible with 
water, and from non-defatted wet biomass, PHB recovery of 83% and purity of 90% were 
achieved. Water and hexane were evaluated as anti-solvents to assist PHB precipitation, and 
hexane improved recovery of PHB from biomass to 92% and the purity to 93%. A scale-up 
extraction and separation reactor was designed, built and successfully tested. Properties of 
PHB recovered were not significantly affected by the extraction solvent and conditions, as 
shown by average molecular weight (1.4 × 106) and melting point (175.2ºC) not being 
different from PHB extracted using chloroform. Therefore, this biorenewable solvent system 
was effective and versatile for extracting PHB biopolymers.  
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Keywords: PHB recovery, biopolymer, biomass, solubility curve, nontoxic solvent, anti-
solvent. 
 
Introduction 
Poly-β-hydroxybutyrate (PHB) has been attracting significant interests as a raw material to 
make many different medical devices such as bioresorbable surgical suture, screws and plates 
for cartilage, and bone fixation and surgical meshes for hernioplasty surgery [1]. The use of 
PHB in sustained drug delivery system is also increasing continuously in pharmaceutical 
applications [1]. Some bacteria are capable of accumulating PHB and neutral lipids at the 
same time. They tend to accumulate PHB as an internal energy source when nutrient sources 
such as nitrogen and phosphorus are limited [2]. Although PHB production from syngas 
fermentation has made the PHB accumulation system more sustainable [3, 4], the process of 
extraction and recovery of PHB is still not as “green” and sustainable as the accumulation 
process.  
Though scientists have developed different extraction systems for the production of the 
biopolymers [5, 6, 7], the majority of PHB extraction methods still involves the use of 
organic solvents in which the polymer is soluble [8]. Methylene chloride [8, 9], 1,2-
dichloroethane [6] and chloroform [10] were all reported as efficient solvent to extract PHB 
from bacterial cells. However, most of these previously studied solvents, particularly 
chloroform, are toxic and can cause environmental and health problems. United States 
Environmental Protection Agency (EPA) declared chloroform as a possible human 
carcinogen in the 2000 EPA hazard summary. Although some “green” solvents such as 
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diethyl succinate were studied [11], research on developing low-toxicity and environmentally 
friendly solvent extraction method for recovering PHB is still limited. There is a need to 
develop a more advanced and relatively greener extraction system to further advance the 
technologies for PHB production.  
Our primary objective of this study was to develop an effective and environmentally 
friendly solvent system to extract PHB from bacterial cells. Effects of anti-solvents on 
precipitation of PHB were also studied to further improve precipitation to obtain high yield 
and purity. By developing a non-toxic solvent system capable of recovering PHB polymers 
from both dry and wet biomass without applying water and solvent evaporation, the 
sustainability of PHB production can be further improved. 
 
Materials and Methods 
Biomass preparation 
The Cupriavidus necator (strain #531) used for syngas fermentation was purchased (from 
Deutsche Sammlung von Mikroorganismen und Zellkulturen, Braunschweig, Germany). It 
can grow autotrophically using CO2 as substrate and H2 as electron acceptor. The 
fermentation process used was reported in a previous study [12]. Two types of biomass were 
used in PHB extraction, a defatted dry biomass (DDB) and a non-defatted wet biomass 
(NDWB, 70% moisture content). Other chemicals were purchased from Fisher Scientific 
(Pittsburgh, PA). 
To prepare DDB, majority of neutral lipids (2.3% db) in NDWB was pre-extracted. 
NDWB of 60 g (30% solids) was well dispersed in 200 mL isopropanol and then the system 
was sonicated with a sonic dismembrantor (Model 500, Fisher Scientific, Pittsburgh, PA) for 
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10 minutes at 70% amplitude. Then 150 mL hexane was added to the dispersion, and the 
sample was incubated in a thermo-control incubator shaker at 50 °C for 1.5 hours and 
centrifuged at 3200 ×g for 10 minutes using Avanti J-20 XPI centrifuge (Beckman Coulter 
Inc., Brea, CA). Solvent with neutral lipids dissolved in was separated from biomass by 
decanting through a #1 filter paper and biomass residue containing PHB was air dried and 
ground into fine particles with mortar and pestle. The neutral lipid extracted was saved for 
fatty acid characterization. 
 
Preliminary study of PHB extraction from DDB at low temperatures 
Extraction of PHB with chloroform was used as a control throughout the study. DDB of 5 g 
was combined with 75 mL chloroform in a round bottom flask equipped with a reflux 
condenser and magnetic stir. The sample was heated at 60 ºC for 2 hours and centrifugation 
and filtration were used to separate the supernatant from biomass residues. Acetone/ethanol 
(A/E, 1:1 v/v) was used as anti-solvent to recover PHB as reported by Sayyed et al. [13].  
For the preliminary lipid extraction study, acetone, A/E (1:1 v/v), acetone/isopropanol 
(A/I, 1:1 v/v), butanol, and propylene carbonate (PC) were selected for PHB extraction. DDB 
was combined with solvents at the same solid to solvent ratio as the control. The sample was 
then heated at a temperature close to the boiling point of the solvent for 1 hour. Therefore, 
temperatures of 60, 60, 70, 110, and 130 °C were used for acetone, A/E, A/I, butanol, and 
PC, respectively.  
A study of effect of heating time on extraction was also conducted using PC as 
extraction solvent. Biomass and PC mixture was heated at 130 °C for 30 min, 1, 2, and 3 
hours. All PHB extracts were cooled to room temperature and PHB was naturally 
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precipitated for 48 hours. Recovery yield of PHB was calculated by using the following 
equation: 
 
where MPHB (mg) is the mass of PHB recovered from a biomass of Mbiomass (mg). 
 
PHB solubility study 
PHB obtained by chloroform extraction (method described in section 2.2) of approximately 
200 mg was dispersed in 5 mL of various solvents and then heated at several temperatures for 
1 hour. In order to heat the samples to high temperature, special high pressure-tolerant glass 
tubes were used to keep the samples under pressure during heating. A sand bath (Model 
28100, Cole Palmer, Vernon Hill, IL) was used for heating. Temperatures used were 100, 
120, 130 and 150 ºC for PC; 70, 90, 120 and 130 ºC for acetone, A/I, and A/E; and 80, 100, 
120, and 130 ºC for acetone/ethanol/propylene carbonate (A/E/P, 1:1:1 v/v/v). Fast filtration 
(within 20 seconds after heating) was used to separate the residual or insoluble PHB particles 
from the solution. Residue was then collected, dried and weighed. The mass difference 
between PHB used and the residue collected was considered as amount of PHB solubilized in 
the solvent. The test was done in triplicates. 
  
PHB extraction from biomass at high temperatures 
For PHB extraction using acetone, A/I, PC, and A/E/P at high temperatures, DDB of 200 mg 
was dispersed in 5 mL of each solvent in the pressure resistant glass tubes, and then the 
samples were heated in the sand bath heater for 1 hour. Fast filtration was used to separate 
the PHB solution from biomass residue. After the PHB solution was cooled to room 
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temperature and precipitated for 48 hours, the precipitates were collected by filtration. For 
each solvent system, three extraction temperatures were used (100, 120 and 130 ºC). 
For PHB extraction from NDWB, 100 g of the biomass was first sonicated at 70% 
amplitude for 10 minutes by using a sonic dismembrator as described before, and 500 mg of 
the sonicated NDWB (moisture content about 61%) was combined with 5 mL of A/E/P and 
heated for 1 hour at 120 °C for extraction. Other steps for recovering PHB were the same as 
for recovering PHB from DDB. 
 
Large scale PHB extraction from DDB 
Large scale (system capacity of about 600 g dry matter) PHB extraction was carried out in a 
self-assembled stainless steel reactor (Figure 1), which has stainless steel mesh plate (100 x 
100 mesh #) welded into the tube reactor to support the filter paper. A #1 Whatman filter 
paper was first placed on the mesh plate for separation of PHB solution from biomass 
residue. Then, DDB of 300 g in 500 mL A/E/P solvent was loaded to the extraction reactor. 
The sample was heated at 120 ºC for 1 hour by using an insulated heating tape (Briskheat, 
Columbus, OH). After the incubation, valve 1 was opened and the solution containing PHB 
was driven to the cooling device through the filter by both gravity and pressure. After PHB 
was precipitated in the cooling unit for 48 hours, valve 2 was opened and vacuum was 
applied to further separate solvent from PHB crystals by filtration. The crystals were dried 
for polymer properties characterization. Solvent collected in the flask can be recycled and 
reused for extraction. 
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The use of anti-solvents for PHB precipitation and recovery 
Instead of natural precipitation, water or hexane was added to the A/E/P PHB extract as anti-
solvent to assist PHB precipitation. Anti-solvent to PHB extract ratios of 1:1, 1:2, 1:3 were 
tested, and precipitation time was set as 48 hours. Total recovery of PHB from biomass using 
A/E/P with and without the assistance of anti-solvent was compared to evaluate the effect of 
anti-solvents. 
 
Determination of PHB content in the biomass and purity of final products 
PHB content in the DDB and NDWB was determined before each extraction by using a GC 
method [14]. NDWB was lyophilized using a freeze drier (Labconco FreeZone 2.5, Kansas 
City, MO). Biomass of 20 mg or recovered PHB of 10 mg was combined with 2 mL of 
chloroform and 2 mL of acidified methanol (3% sulfuric acid) with benzoic acid as internal 
standard. Samples were heated for 5 hours at 105 ºC in pressure resistant glass tubes. 
Deionized water was added to stop the reaction and to wash the sample, and 1 μL of the 
denser solvent was injected in a GC (Hewlett Packard 5890, Wilmington, DE) equipped with 
a HP-5 column (30 m × 0.32 mm × 0.25 μm) for PHB quantification. The temperature of the 
GC injector and detector was set at 300 ºC. The initial temperature of the oven was set to 50 
ºC, and then increase to 100 ºC at 5 ºC / min, then to 300 ºC at 20 ºC / min and held at 300 ºC 
for 5 minutes. PHB content and purity was calculated based on the internal GC standard 
response. 
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PHB and neutral lipid characterization 
Gel permeation chromatography (GPC) equipped with three Agilent Ultrastyragel columns 
(porosities of 500, 103 and 105 Å) was used to determine PHB molecular size profiles. A 
clear PHB solution with a concentration of 1 mg/mL was prepared by dissolving 10 mg of 
PHB recovered by A/E/P extractions at various temperatures into 10 mL of chloroform. 
Sample injection volume of 150 μl was used and the analysis was performed at 30 ºC, with 
flow rate of chloroform (as eluent) set to 1.0 mL/min [15]. Average molecular weight of the 
polymer was estimated based on a standard which has a molecular weight of 1.0 × 106. Any 
molecular size change due to solvent extraction at elevated temperatures would be identified 
from this analysis. 
Thermal analysis was performed by using differential scanning calorimetry (DSC) with a 
Diamond DSC (PerkinElmer, Waltham, MA). The samples were subjected to a temperature 
program from 20 to 300 ºC at 10 ºC / min. The peak temperature was considered as the 
melting point, and the melting enthalpy was also used to compare with that of PHB extracted 
using chloroform.  
For determination of fatty acid composition of the neutral lipid as the co-product from 
PHB extraction, 10 mg of the neutral lipid extracted was combined with 5 mL of acidified 
methanol (3% sulfuric acid). The sample was heated at 60 °C for 18 hours, and then cooled 
to room temperature. Hexane of 2 mL and DI water were added to the sample to separate the 
fatty acid methyl esters (FAME) and DI water was used again to wash the sample. The 
FAME solution was then injected in a GC equipped with a SP2330 column (15m × 0.25mm 
× 0.2μm) for composition analysis. The temperature of the GC injector and detector was set 
at 300 ºC. The initial temperature of the oven was set to 100 ºC, and then increased to 240 ºC 
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at 4 ºC / min and held at 240 ºC for 5 minutes. The peaks were identified by comparing to 
those of a standard FAME mixture. 
 
Statistical Analysis 
All extractions were done in triplicates, and PHB recovered from each extraction was used to 
provide 2 replicates for the polymer characterization. Data were collected and analyzed by 
using the JMP software (SAS Institute, Cary, NC) and a student’s t test was used to examine 
the treatment effects with P level set at 5%. Means and standard deviations were determined 
and presented.   
 
Results and Discussion 
Initially, our solvent selection was based on the spherical PHB solubility region reported in a 
PHB solubility study [16]. In addition to the solvents listed in the PHB solubility region, 
previously studied solvents such as propylene carbonate [15] were also studied. Due to the 
high melting point of PHB and its good solubility in chloroform (polarity index of 4.1), our 
preliminary solvent selection was based on polarity match and a high boiling point of the 
solvent was preferred. The solvents we identified should be obtainable from renewable 
sources which make the extraction more environmentally friendly compared to using 
chloroform.  
 
PHB extraction from DDB at low temperatures in the preliminary study 
PHB content of 62% in DDB was determined by GC before extraction. Chloroform method 
was used as a control since it is most popular and commonly used [17], and recovery yield 
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obtained by using other solvents were compared to that of the chloroform method. Figure 2 
(Top) shows high recovery (87.2%) and purity (93%) of PHB using chloroform extraction at 
60 ºC for 2 hours and this confirmed its effectiveness. However, acetone (polarity index of 
5.1, at 60 ºC), A/E (1:1 v/v, polarity index of 5.1, at 60 ºC), A/I (1:1 v/v, polarity index of 
4.5, at 70 ºC), and butanol (polarity index of 4.0, at 110°C) all resulted significantly lower 
PHB recovery (1-2%) and purity (1-3%) (Figure 2 Top). The results indicate polarity of 
solvent was not as important for PHB extraction as expected. However, it was observed that 
the residual biomass from butanol extraction became waxier (Figure 2 Top insert) compared 
to that obtained at lower temperatures, which indicates that high temperature may improve 
the release of PHB from cell biomass. When PC (polarity index of 6.1) was used at 60 ºC, no 
PHB extraction was observed so no data was generated, while at 130 ºC, PHB recovery was 
greatly increased. This again indicates that temperature is an important factor for PHB 
extraction. The temperature effect is discussed in later sections.   
Figure 2 (Bottom) shows that the use of PC resulted low recovery of PHB (< 10%) when 
extraction was carried out at 130 ºC for 30 minutes, a reported optimal condition; PHB 
recovery yield of 95% and purity of 84% were reported with PC at this condition [15]. In our 
study, extended heating time (1 hour) resulted in a higher recovery (42%) and purity (83%). 
However, further lengthening of heating time to 2 and 3 hours did not further improve PHB 
recovery. The significantly lower recovery was probably caused by the defatting and drying 
of our biomass leading to partial crystallization of the original amorphous PHB in bacterial 
cells, making PHB less soluble in PC. Fiorese et al. [15] also have reported that heat 
pretreatment of biomass which may cause crystallization of amorphous PHB did not improve 
PHB recovery. It is known that crystallized chemicals have lower solubility compared to 
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their amorphous forms [18]. Moreover, Fiorese et al. [15] added acetone to the extracts 
during precipitation of PHB, which may also have contributed to their higher recovery yield. 
According to the results of these tests, solvent polarity index does not seem to be 
critically important, but high extraction temperature is desirable to improve the release and 
dissolution of PHB since PHB has a high degree of self-association and thus high melting 
point of 175 ºC [19]. Propylene carbonate was therefore considered as a potential solvent but 
optimization of the extraction processes is needed. 
 
PHB solubility in various solvents and at different temperatures 
The preliminary PHB extraction experiments indicated that higher temperature improved 
PHB extraction. It is necessary to determine the relationship between temperature and 
solubility of PHB in various solvent systems, so that we can better understand the extraction 
behavior of PHB. Such solubility chart can also be used to estimate the volume of solvent 
required to extract the PHB in a biomass and to guide the optimization of extraction 
conditions. Therefore, solubility of PHB in acetone, A/I, PC, A/E and A/E/P at elevated 
temperature was measured. 
Figure 3 (Top) shows that PHB solubility increased as temperature increased in all 
solvent systems tested. This proves that temperature is a critical factor for PHB extraction 
when using non-chlorinated solvents. Acetone, A/I, A/E, PC, and A/E/P resulted PHB 
solubility of 17.6, 14.9, 8.1, 12.7, and 38.0 mg/mL, respectively, at 120 ºC. The higher PHB 
solubility in acetone than in A/I at high temperature further proved that polarity was a minor 
factor for PHB extraction because A/I has a more similar polarity index to chloroform than 
acetone does. The high PHB solubility in A/I at 70 ºC was probably caused by an error. 
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Solubility of PHB in PC was approximately 28 mg/mL at 150 ºC. When compared to A/E/P, 
PC required a much higher temperature to solubilize the same amount of PHB. Based on this 
solubility test, it was determined that although acetone, A/I, PC, and A/E were all capable of 
extracting PHB at high temperature, A/E/P was much more effective. A/E/P which consists 
of three biorenewable solvents was thus identified as an outstanding solvent system to extract 
PHB, and it resulted in 2-3 times higher PHB solubility than that of other solvents at 120 ºC. 
Many studies have reported exploration of new solvents or process for PHB extraction [6, 9, 
20, 21], but few provided solubility curves as our study did. Such curves can be used to 
estimate PHB recovery by the solvent, and it can provide proper guidance for large scale 
studies and industrial productions.    
Figure 3 (Top) shows that solubility of PHB in PC was about 15 mg/mL at 130 ºC. In the 
preliminary experiments, 75 mL of PC was used to extract PHB from 5 g biomass in a well-
mixed system. Theoretically, 1,125 mg of PHB can be extracted by 75 mL PC based on the 
solubility curve. However, the recovery yield of 47% (Figure 2 Bottom) indicated about 
1,457 mg of PHB was obtained. This was more than the theoretical amount of PHB that can 
dissolve in PC at 130 ºC. This suggests that the PHB inside bacterial cell biomass was 
probably in a more soluble form compared to PHB obtained from chloroform extraction used 
in the solubility study. PHB molecules in vivo are amorphous and are covered by a layer of 
protein and phospholipids, which would be damaged or lost during the extraction process 
[22]. The amorphous state allows solvents to gain access to the polymer more easily, thus 
PHB can be solubilized by the solvent more efficiently. Compared to the most stable 
crystalline form, amorphous drug has a predicted solubility advantage of 10 to 1600 fold, and 
even for partially amorphous materials, the apparent solubility enhancement is likely to 
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influence in-vitro and in-vivo dissolution behavior of the drugs [23]. Isolated PHB on the 
other hand is highly crystalline and the crystalline shell is inaccessible by the solvent which 
makes it insoluble in most solvents at room temperature [16, 24, 25]. Crystallization of the 
amorphous PHB in vivo can be induced by treatments such as sonication, drying, and 
exposure to extreme ionic strength [22], so one should be cautious about consequences of 
pretreatment on PHB extraction. It was suspected that defatting and drying of our biomass 
may have resulted in a partial crystallization, however, some PHB remained in its amorphous 
state which led to higher recovery than the value from solubility curve, but lower recovery 
compared to the study by Fiorese et al. [15]. 
 
Extraction of PHB from DDB in pressured system using different solvents  
A small-scale extraction of PHB from DDB was conducted using the promising solvents 
identified to validate the solubility study. Figure 3 (Bottom) shows that high temperature was 
essential to the extraction of PHB. At 130 ºC, acetone, A/I, PC, and A/E/P resulted in 
recovery yield of 16.9, 9.6, 55 and 85%, respectively, and these were equivalent to 4.2, 2.4, 
13.7 and 21.1 mg/mL of the prospective solvents. These values were significantly lower than 
the PHB solubility in the respective solvents even at 120 ºC. The most possible reason is 
insufficient mixing in the tube extractor leading to lack of surface contact, preventing 
penetration of solvents into PHB molecules. With A/E/P as extraction solvent, much higher 
recovery (85%) and purity (92%) of PHB was still achieved compared to using other solvents 
at 130 ºC. The trend of biomass extraction curves (Figure 3 Bottom) is very similar to that of 
the solubility curves (Figure 3 Top). Although none of the solvent systems tested achieved 
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100% recovery as predicted using the solubility curve, the recovery of PHB by A/E/P was 
comparable to the control (87%) by using chloroform.  
The high extraction temperature used could be a concern for our solvent system. 
Compared with other chlorinated solvents such as methylene chloride, our system still has its 
significant advantages of being not only more environmentally friendly but also more 
effective in recovering PHB. The yield of PHB from Alcaligenes eutrophus biomass by 
methylene chloride at 40 °C with pretreatment was only 25% [8]. Moreover, PHB extracted 
using our solvent was obtained by natural cooling and precipitation, so no solvent 
evaporation was required. It is also predicted that the mixed solvent is capable of extracting 
PHB from a wet biomass since the components of mixture are all miscible with water.  
 
Comparison of PHB extraction from NDWB and DDB using A/E/P 
Since the PHB molecules in cells are amorphous and different from the crystallized PHB 
isolated from solvent [22], extraction of PHB from NDWB may give an increased extraction 
yield that will lead to more possibilities on optimizing extraction conditions. For example, 
using the same solvent, lower temperature may be used to complete the extraction. 
PHB content of 71% (db) in NDWB was determined by GC before extraction. The 
comparison of PHB recovery from DDB and NDWB by using A/E/P is shown in Figure 4. 
PHB recovery with A/E/P on wet biomass at 120 °C was similar to that on dry biomass at 
130 °C on the same solid and solvent ratio, and this value (83%) was much higher compared 
to the extraction yield from DDB (60%) at 120 °C. This result indicates that PHB extraction 
from NDWB can be done at a lower temperature than using defatted and dried material to 
achieve similar recovery. This validates the hypothesis of amorphous state of PHB 
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facilitating extraction. The wet extraction proved that defatting and drying of the biomass are 
not needed, and this made the system even less energy intensive compared to those using 
chlorinated solvents. A rough estimate of energy consumption indicates that our system 
requires about 237 kJ to process 1 kg of wet biomass, whereas methylene chloride-based 
system requires about 270 kJ considering the energy required for drying the biomass.  
Certain enzyme-assisted PHB extraction process was reported to have high recovery 
yield (93.2%) and purity (94%) of PHB [26]. However, the enzymes were merely used to 
lyse the cell wall, and the PHB was still extracted by using chloroform which is a carcinogen. 
In addition to the use of chloroform, the required heat pretreatment at 121 °C for 
destabilizing cell wall of the biomass and buffers needed for the enzymes make the process 
more complicated and less cost-effective. Using the biodegradable A/E/P solvent mixture to 
extract PHB from wet biomass does not require heat pretreatment, and only sonication was 
used to break the cell wall of the biomass. 
Neutral lipids were also co-extracted by A/E/P from the NDWB, and it is possible to 
recover the neutral lipids by further fractionation after PHB is precipitated. This 
simultaneous recovery of neutral lipids and PHB is another uniqueness of the extraction 
system.  
Table 1 shows that the neutral lipids in this microbial biomass has a similar palmitic acid 
content (> 38%) as palm oil and others also have reported similar palmitic acid content of 
lipids in Cupriavidus necators [27]. One uniqueness of this microbial neutral lipid is the 
presence of high content of heptadecenoic acid (C17:1, 41.7%) which is very different from 
fatty acid compositions reported by others [27], and we have not seen such a report in the 
literature. There was also a minor quantity (4.3%) of nonadecenoic acid, C19:1. The presence 
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of C17:1 and C19:1 was confirmed using GC/MS at the Chemical Instrumentation Facility at 
Iowa State University. The neutral lipid can be a potential source for the production of 
oleochemicals or biodiesel, and the heptadecenoic acid may serve as a unique feedstock for 
specialty chemicals. It was reported that accumulation of neutral lipids and PHB can be 
manipulated by using inhibitors such as acrylic acid, and it is possible to achieve a balanced 
accumulation of both. Alvarez et al. [28] achieved an accumulation of 85.4% of PHA and 
12.2% of fatty acids in Rhdococcus ruber, and 29.9% of PHA and 23.9% of fatty acids in 
Nocardia corallina. Recovery of both neutral lipids and PHB can be a strategy to make PHB 
production more sustainable, because the value of the neutral lipids may help offset the cost 
of PHB production. 
 
PHB precipitation by using anti-solvents 
The use of anti-solvents was investigated to increase the PHB precipitation from the A/E/P 
extract. It was reported that acetone/ethanol mixture (A/E 1:1 v/v) improved crystallization 
of PHB extracted by chloroform and thus increased PHB recovery [13]. However, we found 
that A/E negatively affected crystallization of PHB extracted by PC, and PHB solubility was 
actually increased when A/E was added to PC. Such observation had led to the identification 
of A/E/P mixture system being an excellent extraction solvent. With the new solvent system, 
study of new anti-solvents was conducted using water and hexane since they can make the 
system either more polar or non-polar. Figure 5 shows that adding water as anti-solvent to the 
A/E/P extract from DDB had no significant effect on PHB recovery compared to natural 
precipitation. When hexane was used as anti-solvent at a ratio of 1:1 and 1:2 (v/v, anti-
solvent:A/E/P PHB extract) (Figure 5), recovery of PHB was significantly increased 
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compared to the control, and the highest recovery yield of 92% was achieved when hexane 
was added at the ratio of 1:2 (v/v). When the quantity of hexane to solution was further 
reduced to 1:3, the improvement in PHB recovery became statistically insignificant. The 
addition of hexane significantly changed the properties of the solvent mixture, and made 
PHB less soluble in the system thus improved PHB precipitation. Hexane is also capable of 
partitioning the neutral lipids towards the non-polar phase which will facilitate the separation 
of neutral lipids from PHB, and thus improves the purity of PHB. 
 
Scale-up PHB extraction using A/E/P 
The test-tube scale extraction proved that A/E/P is an excellent solvent for PHB recovery. To 
further study the effectiveness of the A/E/P solvent mixture on larger scale extraction from 
DDB, PHB extraction was conducted in a closed and heated high-pressure extraction system 
for 1 hour. The highest PHB recovery obtained was about 65% at 145 ºC (Figure 6). The 
recovery was much lower than that of glass tube scale extractions and it seems from the trend 
that a higher heating temperature may further improve the yield. Since the reactor was self-
built with stainless steel and it was a closed and high-pressure system, it was difficult to 
apply mixing during extraction. The lack of mixing may have resulted in insufficient surface 
contact, and thus lower recovery yield. Partial evaporation of acetone and ethanol was also 
detected, and this changed the ratio of the solvents, thus resulting in lower PHB solubility 
and lower recovery. The reactor could not be made completely sealed, and the heating tape 
may not have produced sufficient heating and temperature maintenance. The filters 
incorporated into the extraction and cooling unit made separation and collection of PHB 
much easier, and high PHB purity (90%) was achieved.  
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Though further modification of this 600 g-capacity reactor and optimization of operating 
conditions are required to achieve higher PHB recovery on large scale extraction, we have 
proved the concept and feasibility of scale-up extraction. It is also possible to recycle and 
reuse the solvents to improve the sustainability and efficiency of the system. After the 
removal of PHB, the solvents of hexane, A/E, PC, and even water (if extracting from 
NDWB) can be separated by boiling point differentiation, and they can either be re-mixed for 
PHB extraction or used or processed separately. 
 
PHB polymer characterization 
The molecular size and melting profile of the extracted PHB are important physical 
properties of this compound, so we examined if solvent and extraction condition would cause 
any change in these parameters. Previous studies indicated that some methods can cause 
severe degradation of PHB molecules [29, 30]. An ideal extraction method should not cause 
such severe degradation, nor affecting the thermal property of PHB. PHB extracted using 
A/E/P at different temperatures (110, 120 and 130 ºC) were analyzed by GPC and DSC. 
Molecular size distribution of PHB from A/E/P extraction had no significant difference 
compared to PHB extracted using chloroform, because all extracted PHB had similar elution 
profile (data not shown) and an average molecular weight of 1.4 ×106. Liggat and Brien [31] 
reported that PHB molecular weight of 6×105 is acceptable for manufacturing thermoplastics. 
Table 2 shows that the average melting point of PHB extracted by A/E/P was about 175.2 ºC 
which was similar to that extracted by using chloroform (173.5 ºC). These physical properties 
of PHB are also comparable to those determined by others [15]. Therefore, the properties of 
PHB are not significantly affected by using A/E/P solvent at high temperature.  
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Many are interested in the biosynthesis of PHB copolymers [32, 33] because of their 
desired properties such as being less brittle than PHB. To maintain these properties, 
minimum degradation and maximum efficiency for obtaining such copolymers are desired. 
Our solvent system is potentially the most appropriate system for the recovery of lipid 
copolymers having similar molecular structure and property as PHB from any type of 
biomass. Nonetheless, studies should be conducted to optimize for a specific type of polymer 
and biomass. 
 
Conclusions 
A new environmentally friendly solvent system of A/E/P was successfully developed for 
extracting PHB from Cupriavidus necator. A large scale high-pressure extraction reactor was 
designed and used to demonstrate the effectiveness of PHB extraction. A/E/P at high 
temperature can recover 92% pure PHB with 85% yield from dry biomass, and 83% PHB 
yield with 90% purity from wet biomass. Addition of hexane anti-solvent significantly 
improved purity and recovery of PHB. Limited studies have been conducted on using 
biodegradable and biorenewable solvents for PHB extraction, and our study provides data for 
such possibility. More thorough optimization is required based on the important parameters 
presented and discussed in this study. 
 
Acknowledgement 
We appreciate the financial support provided by Iowa Economic Development and Kiverdi 
(2120 University Avenue, Berkeley, CA, 94704). The research group of Professor Eric 
Cochran of the Chemical and Biological Engineering Department at Iowa State University 
142 
 
 
 
assisted in the gel permeation chromatography (GPC) determination of PHB’s molecular 
weight. The Chemical Instrumentation Lab at Iowa State University helped confirm our 
finding in the fatty acid composition of our extracted neutral lipids with GC/MS. 
 
References 
1. Bonartsev AP, Myshkina VL, Nikolaeva DA, Furina EK, Makhina TA, Livshits VA, 
Boskhomdzhiev AP, Ivanov EA, Iordanskii AL, Bonartseva GA. Biosynthesis, 
biodegradation, and application of poly(3-hydroxybutyrate) and its copolymers – natural 
polyesters produced by diazotrophic bacteria. A. Mendez-Vilas Ed, Commun. Microbiol. 
2007;1:295-307.  
2. Braunegg G, Bona R, Koller M. Sustainable polymer production. Polym.-Plast. Technol. 
Eng. 2004;43:1779-1793. 
3. Choi D, Chipman DC, Bents SC, Brown RC. A techno-economic analysis of 
polyhydroxyalkanoate and hydrogen production from syngas fermentation of gasified 
biomass. Appl. Biochem. Biotechnol. 2010;160:1032–1046. 
4. Do YS, Smeenk J, Broer KM, Kisting CJ, Brown R. Growth of Rhodospirillum rubrum 
on synthesis gas: conversion of CO to H2 and polybeta-hydroxyalkanoate. Biotechnol. 
Bioeng. 2007;97:279–286. 
5. Hejazi P, Vasheghani-Farahani, E, Yamini Y. Supercritical fluid disruption of Ralstonia 
eutropha for poly(β-hydroxybutyrate) recovery. Biotechnol. Progr. 2003;19:1519–1523. 
6. Holmes PA, Lim GB. Separation process. U.S. Patent 4,910,145, 1990 
7. Kapritchkoff FM, Viotti AP, Alli RCP, Zuccolo M, Pradella JGC, Maiorano AE, Miranda 
EA, Bonomi A. Enzymatic recovery and puriﬁcation of polyhydroxybutyrate produced 
by Ralstonia eutropha. J. Biotechnol. 2006;122:453–462. 
8. Ramsay JA, Berger E, Ramsay A, Chaverie C. Extraction of poly-3-hydroxybutyrate 
using chlorinated solvents. Biotechnol. Tech. 1994;8:589–594. 
9. Baptist JN. Process for preparing poly-b-hydroxybutyric acid. U.S. Patent 3,044,942, 
1962 
10. Walker J, Whitton JR. Extraction of poly-β-hydroxybutyric acid. U.S. Patent 4,358,583, 
1982 
11. Traussnig H, Kloimstein E, Kroath H, Estermann R. Extracting agents for poly-3-
hydroxybutyric acid. U.S. Patent 4,968,611, 1990 
12. Repaske R, Mayer R. Dense autotrophic cultures of Alcaligenes eutrophus. Appl. Environ. 
Microbiol. 32, 592-597, 1976 
13. Sayyed RZ, Gangurde NS, Chincholkar SB. Hypochlorite digestion method for efficient 
recovery of PHB from Alcaligenes faecalis. J. Microbiol. 2009;49:230– 232. 
14. Comeau Y, Hall KJ, Oldham WK. Determination of poly-3-hydroxybutyrate and poly-3-
hydroxyvalerate in activated sludge by gas-liquid chromatography. Appl. Environ. 
Microbiol. 1988;54:2325-2327. 
143 
 
 
 
15. Fiorese ML, Freitas F, Pais J, Ramos AM, de Aragao GMF, Reis MAM. Recovery of 
polyhydroxybutyrate (PHB) from Cupriavidus necator biomass by solvent extraction 
with 1,2-propylene carbonate. Eng. Life Sci. 2009;9:454–461. 
16. Terada M, Marchessault RH. Determination of solubility parameters for poly(3-
hydroxyalkanoates). Int. J. Biol. Macromol. 1999;25:207-215. 
17. Hahn SK, Chang YK, Kim BS, Chang HN. Optimization of microbial poly(3- 
hydroxybutyric acid) recovery using dispersions of sodium hypochlorite solution and 
chloroform. Biotechnol. Bioeng. 1994;44:256-261. 
18. Simonelli AP, Metha SC, Higuchi WI. Dissolution rate of high energy 
polyvinylpyrrolidone (PVP)-sulfathiazole coprecipitates. J. Pharm. Sci. 1969;58:538-549. 
19. Barham PJ. Physical properties of poly(hydroxybutyrate) and poly(hydroxybutyrate-co-
hydroxyvalerate). EA Dawes (Ed.), Kluwer, Dordrecht: Novel Biodegradable Microbial 
Polymers, 1990. 
20. Lafferty RM, Hernzle E. Cyclic carbonic acid esters as solvents for poly-(beta)-
hydroxybutyric acid. U.S. Patent 4,101,533, 1978 
21. Kurdikar DL, Strauser FE, Solodar AJ, Paster MD, Asrar J. Methods of PHA extraction 
and recovery using non-halogenated solvents. U.S. Patent 6,043,063, 2000 
22. De Koning GJM, Lemstra PJ. The amorphous state of bacterial poly[(R)-3-
hydroxyalkanoate] in vivo. Polym. 33, 3304–3306, 1992 
23. Hancock BC, Parks M. What is the true solubility advantage for amorphous 
pharmaceuticals? Pharmaceutical Research. 2000;17:397-404. 
24. Horowitz DM, Sanders JKM. Biomimetic, amorphous granules of 
polyhydroxyalkanoates: composition, mobility, and stabilization in vitro by protein. Can. 
J. Microbiol. 1995;41:115-123. 
25. Lundgren DG, Alper R, Schnaitman C, Marchessault RH. Characterization of poly-β-
hydroxybutyrate extracted from different bacteria. J. Bacteriol. 1965;89:245-251. 
26. Neves A, Muller J. Use of enzymes in extraction of polyhydroxyalkanoates produced by 
Cupriavidus necator. Biotechnol. Progr. 2012;28:1575-1580. 
27. Zhila N, Kalacheva G, Volova T. Fatty acid composition and polyhydroxyalkanoates 
production by Cupriavidus eutrophus B-10646 cells grown on different carbon sources. 
Process Biochem. 2015;50:69-78. 
28. Alvarez HM, Kalscheuer R, Steinbuchel A. Accumulation of storage lipids in species of 
Rhodococcus and Nocardia and effect of inhibitors and polyethylene glycol. Eur. J. Lipid 
Sci. Technol. 1997;99:239-246. 
29. Hahn SK, Chang YK, Lee SY. Recovery and characterization of poly(3- hydroxybutyric 
acid) synthesized in Alcaligenes eutrophus and recombinant Escherichia coli. Appl. 
Environ. Microbiol. 1995;61:34–39. 
30. Berger E, Ramsay BA, Ramsay JA, Chavarie C, Braunegg G. PHB recovery by 
hypochlorite digestion of non-PHB biomass. Biotechnol. Tech. 1989;3:227– 232. 
31. Liggat JJ, Brien GO. Melt processing of BIOPOLs polymers–recent advances. 
International Symposium Bacterial Polyhydroxyalkanoates. 1996:151–160. 
32. Tripathi L, Wu LP, Chen JC, Chen GQ. Synthesis of Diblock copolymer poly-3-
hydroxybutyrate -block-poly-3-hydroxyhexanoate [PHB-b-PHHx] by a β-
oxidation weakened Pseudomonas putida KT2442. Microbial Cell Factories. 
2012;11:44. 
144 
 
 
 
33. Kulkarni SO, Kanekar PP, Jog JP, Patil PA, Nilegaonkar SS, Sarnaik SS, Kshirsagar PR. 
Characterization of polymer, poly(hydroxybutyrate-co-hydroxyvalerate) (PHB-
co-PHV) produced by Halomonas campisalis (MCM B-1027), its 
biodegradability and potential application. Bioresour Technol. 2011;102:6625-
6628. 
 
Figure Captions: 
Figure 1. The design of a scale-up PHB recovery system with 600-g capacity.  
 
Figure 2. Preliminary extraction of PHB using various solvents from defatted dry biomass 
(residue insert, butanol on left and acetone on right) (Top), and effect of heating time on PHB 
recovery using propylene carbonate at 130 ºC (Bottom). Means with same letters are not 
significantly different at P=0.05. 
 
Figure 3. Solubility of PHB in different solvent systems at various temperatures under 
pressure (Top) and solubilized and extracted PHB from DDB using different solvents 
(Bottom). 
 
Figure 4. Recovery yield and purity of PHB extracted from DDB and NDWB with 
acetone/ethanol/propylene carbonate. Means with same letters are not significantly different 
at P=0.05. 
 
Figure 5. Effect of type and quantity of anti-solvent on PHB recovery when using 
acetone/ethanol/propylene carbonate as extraction solvent. Means with same letters are not 
significantly different at P=0.05. 
 
Figure 6. Large scale PHB extraction using acetone/ethanol/propylene carbonate at different 
operation temperatures. Means with same letters are not significantly different at P=0.05. 
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Figures and Tables 
 
Figure 1. The design of a scale-up PHB recovery system with 600-g capacity.  
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Figure 2. Preliminary extraction of PHB using various solvents from defatted dry biomass 
(residue insert, butanol on left and acetone on right) (Top), and effect of heating time on PHB 
recovery using propylene carbonate at 130 ºC (Bottom). Means with same letters are not 
significantly different at P=0.05. 
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Figure 3. Solubility of PHB in different solvent systems at various temperatures under 
pressure (Top) and solubilized and extracted PHB from defatted dry biomass (DDB) using 
different solvents (Bottom). 
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Figure 4. Recovery yield and purity of PHB extracted from defatted dry biomass (DDB) and 
non-defatted wet biomass (NDWB) with acetone/ethanol/propylene carbonate. Means with 
same letters are not significantly different at P=0.05. 
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Figure 5. Effect of type and quantity of anti-solvent on PHB recovery when using 
acetone/ethanol/propylene carbonate as extraction solvent. Means with same letters are not 
significantly different at P=0.05. 
 
  
Figure 6. Large scale PHB extraction using acetone/ethanol/propylene carbonate at different 
operation temperatures. Means with same letters are not significantly different at P=0.05. 
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Table 1. Fatty acid profile of the neutral lipid recovered. 
Type of fatty acid Content (%) 
 Neutral lipid extracted Palm oil 
Myristic acid, C14:0 2.2 1.0 
Palmitic acid, C16:0 38.7 43.5 
Palmitoleic acid, C16:1 0.6 - 
Heptadecenoic acid, C17:1 41.7 - 
Stearic acid, C18:0 4.3 4.3 
Oleic acid, C18:1 3.6 36.6 
Linoleic acid, C18:2 - 9.1 
Nonadecenoic acid, C19:1 4.3 - 
Others 4.7 5.5 
 
 
 
Table 2. Physical characteristics of PHB obtained by solvent extraction with chloroform and 
with acetone/ethanol/propylene carbonate (A/E/P). 
Extraction 
solvent and 
condition 
Melting Point (°C) Melting enthalpy (J/g) 
Chloroform 173.5 81.2 
A/E/P at   
110 °C 
120 °C 
130 °C 
174.6 
175.6 
175.4 
88.3 
83.1 
86.4 
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CHAPTER 6. GENERAL CONCLUSION 
 
Soybean oil-based replacers for paraffin, carnauba wax and gelatin bird seed binder were 
successfully synthesized. The physical properties including hardness cohesiveness and 
melting point of these replacers were documented. The performance of some replacers in 
certain applications was also evaluated and compared to their commercial bench marks. 
Chemical structures and functional groups responsible for specific physical property were 
identified.  
Hardness of fatty acyl esters can be significantly increased by increasing chain length, 
and the introduction of a hydroxyl group on the linear end of esters further increased 
hardness. Pendent hydroxyl group greatly increased cohesiveness; however, it significantly 
decreased hardness. Introducing ether groups into diesters also significantly increased 
cohesiveness; however, excessive amount of ether group negatively affected hardness. 
Amide derivatives of saturated fatty acid were shown to have a higher hardness and melting 
point than the ester derivatives. Cinnamic acid ring was confirmed to contribute to material 
shininess and surface smoothness. 
Ethyleneglycol mono and diester with an addition of 0.5 wt% of pendent hydroxyl group 
(EGMD+0.5wt%OH) was shown to be most promising as a paraffin substitute. The addition 
of hydrophobic silica particles at 5 wt% significantly improved the water resistance of the 
material. Substitution of paraffin at up to 50% did not cause significant loss of functionalities 
of paraffin. A carnauba-like material was created and it consisted of 76.3 wt% of C52 
polyamide, 11.3 wt% of C38 diamide, and 12.4 wt% of C29 diamide with a cinnamic acid 
ring. By crosslinking the interesterified esters of fully hydrogenated soybean oil and 
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epoxidized soybean oil at 1:1 molar ratio with 15 wt% phosphoric acid, a bird seed binder 
was obtained. A mixture obtained by mixing mono and diacylglycerol with the binder 
(BMD) was shown to have better seed binding performance than gelatin.  
An effective, novel and environmental friendly solvent mixture, 
acetone/ethanol/propylene glycol (A/E/P) was identified for extracting poly-β-
hydroxybutyrate (PHB), a high-value biopolymer. High PHB recovery and purity were 
achieved and a set of solubility curves of PHB in various solvents was established. 
All four studies provide potential solutions to improve sustainability of current industry 
products. The wax and binder alternatives as well as the PHB recovery method presented in 
these studies can be further optimized with more in-depth studies on the tunable chemistry. 
 
